The Effects of Constructed Wetlands on metal Solubilization and Bioavailability in Passive Mine Remediation by Cochran, Elizabeth
Duquesne University
Duquesne Scholarship Collection
Electronic Theses and Dissertations
Spring 5-10-2019
The Effects of Constructed Wetlands on metal
Solubilization and Bioavailability in Passive Mine
Remediation
Elizabeth Cochran
Follow this and additional works at: https://dsc.duq.edu/etd
Part of the Environmental Indicators and Impact Assessment Commons, Environmental
Microbiology and Microbial Ecology Commons, Environmental Monitoring Commons, Natural
Resources and Conservation Commons, and the Other Ecology and Evolutionary Biology
Commons
This One-year Embargo is brought to you for free and open access by Duquesne Scholarship Collection. It has been accepted for inclusion in Electronic
Theses and Dissertations by an authorized administrator of Duquesne Scholarship Collection.
Recommended Citation
Cochran, E. (2019). The Effects of Constructed Wetlands on metal Solubilization and Bioavailability in Passive Mine Remediation
(Master's thesis, Duquesne University). Retrieved from https://dsc.duq.edu/etd/1782
  
THE EFFECTS OF CONSTRUCTED WETLANDS ON METAL SOLUBILIZATION 
AND BIOAVAILABILITY IN PASSIVE MINE REMEDIATION  
 
 
 
 
A Thesis 
Submitted to the Bayer School of Environmental and Natural Sciences 
 
 
 
Duquesne University 
 
In partial fulfillment of the requirements for 
the degree of Master of Science  
 
By 
Elizabeth Cochran 
 
May 2019 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright by 
Elizabeth Cochran 
 
2019 
 
 iii 
 
 
 
 
THE EFFECTS OF CONSTRUCTED WETLANDS ON METAL SOLUBILIZATION  
 
AND BIOAVAILABILITY IN PASSIVE MINE REMEDIATION  
 
 
 
 
 
 
 
By 
 
Elizabeth Cochran 
 
Approved April 12, 2019 
 
 
 
________________________________ 
Nancy Trun, Ph.D. 
Associate Professor of Biology 
(Committee Chair) 
 
 
 
 
________________________________ 
John Stolz, Ph.D. 
Professor of Biology 
(Committee Member) 
________________________________ 
Plaxedes Chitiyo, Ph.D. 
Assistant Professor of Environmental 
Science 
(Committee Member) 
 
 
 
 
________________________________ 
Philip Reeder, Ph.D 
Dean, Bayer School of Natural and 
Environmental Biology 
 
 
________________________________ 
John Stolz, Ph. D. 
Chair, Center for Environmental Research 
and Education 
Professor of Biology 
 
 
 iv 
ABSTRACT 
 
THE EFFECTS OF CONSTRUCTED WETLANDS ON METAL SOLUBILIZATION 
AND BIOAVAILABILITY IN PASSIVE MINE REMEDIATION  
 
 
 
By 
Elizabeth Cochran 
May 2019 
 
Dissertation supervised by Nancy Trun, PhD  
The legacy of coal mining in Appalachia has left many watersheds impacted by 
abandoned mine drainage. The drainage degrades streams, groundwater and habitats with 
acidity and toxic heavy metals. The Lowber Passive Remediation System has been in 
operation since 2004 to remediate high amounts of dissolved Fe, SO4, Al, and Mn. The 
site consists of six settling ponds and an extensive wetlands at the finish. This study 
investigated the resolubilization of Fe and Mn in the wetlands and the role of bacteria in 
resolubilization. During three seasons, field measurements of water quality and lab 
analysis of Fe, Mn, and SO4 were conducted to examine correlations between the 
parameters. Fe levels were consistently lower than Mn. Mn spikes peaked in the fall and 
were predominant in more vegetated areas, and at high sulfate levels. In vitro, bacteria 
from Lowber could induce metal spikes that mimic what happens in the environment. 
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Chapter 1: Introduction 
 
 
1.1.1 Abandoned Mine Drainage 
 
For centuries humans have employed many ways to extract the mineral resources 
from the earth’s crust. Drilling and digging into the ground to extract resources creates 
large openings that allow any remaining minerals to be exposed to water and air and, 
therefore, weathering. Weathering is the term for the physical, chemical, and biological 
processes that act on solid rocks and minerals to break them down into their constituent 
components. The weathering processes result in mine drainage that has many negative 
environmental effects such as heavy metal toxicity and acidity issues. In the United 
States, the sites of abandoned mines and the associated drainage are subject to 
remediation and reclamation of the land under provisions of the Comprehensive 
Environmental Resource Conservation and Liability Act (CERCLA) and the Surface 
Mining Control and Reclamation Act (SMCRA).  
Current U.S. mines are required to treat their drainage water before it is discharged 
into the environment. Since the abandoned mine drainage degrades the local water 
supply, Pennsylvania has begun the process of treating the water before being used by 
humans or released into an ecosystem. These treatment systems, either active or passive 
remediation systems, are large-scale construction projects designed to trap and treat the 
drainage on site and must be built at each abandoned mine. Millions of dollars are spent 
annually to construct and maintain these systems. 
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1.1.2 Economic Impacts of AMD in Pennsylvania 
 
Water is important for drinking, agriculture, industry, and recreation needs. Pollution 
of any kind impacts human water requirements for all of these needs. Abandoned mine 
drainage polluting the water supply degrades the surrounding ecosystem. The 
environment is impaired as nutrient cycling is diminished, direct toxicity occurs in biota, 
or the habitat is altered in other ways by metal precipitates (Skousen et al., 2017). 
Alterations to the habitat will inevitably lead to the loss of sensitive species and 
decreased biodiversity.  
Loss of biodiversity and degraded habitats have a direct effect on Pennsylvania’s 
economy. The outdoor recreation economy is a $ 29.1 billion industry and supports 
251,000 jobs (OIA, 2018), and actually exceeded the GDP of construction activities in 
2016 (Southwick Associates, 2018). Unlike other industries that are centralized in certain 
areas in the state, Pennsylvania’s outdoor recreation is part of the economy in cities and 
rural towns (OIA, 2018).  Outdoor recreation in Pennsylvania includes biking, camping, 
off-roading, hiking, hunting, and fishing. From research conducted for the Theodore 
Roosevelt Conservation Partnership, 780,000 Pennsylvania residents went hunting in 
2016, and 1.3 million went fishing (Southwick Associates, 2018).  In the United States, 
the outdoor recreation economy generates 887 billion dollars in consumer spending every 
year and supports 7.6 million jobs (OIA, 2018). Coal mine drainage degrades the 
ecosystems on which the outdoor recreation industry depends.  
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Ch. 2 Background 
 
2.1.1 Generation of AMD 
 
Mine drainage begins after the mine opening has been weathered. Exposure to wind, 
water, and extreme temperature changes, along with changes in hydration, cause rapid 
freeze-thaw cycles which mechanically break down rocks (Manahan, 2010).  Chemical 
processes, such as acid-base reactions, dissolution, complexation, hydrolysis, and 
oxidation-reduction, are more active in water, as water transports active materials and 
holds weathering compounds in solution (Manahan, 2010).  Rainwater is chemically 
aggressive in weathering since it is often acidic from dissolved sulfate or carbon dioxide 
(Manahan, 2010). Water itself can hydrate minerals and put them into solution or 
dissolve the ions (Manahan, 2010).  
The weathering processes acting on the sediments of the mining area are increased by 
mining operations, exposing more surface area to water and air (Akcil & Koldas, 2006). 
The exposure to water and oxygen results in abandoned mine drainage (AMD) (Akcil & 
Koldas, 2006). Mine drainage can originate from mine rock dumps, tailings 
impoundments, underground and open pit mine workings, pumped/discharged 
underground water, diffused seeps from replaced overburdens in rehabilitated areas, 
construction rock, treatment sludge ponds, rock cuts, concentrated load-out, stockpiles, 
concentrate spills, or emergency ponds (Akcil & Koldas, 2006). Mine drainage can be 
either circumneutral or acidic. The characteristics of the AMD are unique to its region; 
for example, with more sulfides exposed, more acidity can be generated.  The prevalence 
and severity of AMD characteristics differ by region and are very dependent on climate 
differences (Pennsylvania, 1998). The rock weathering process differs with climate, and 
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humid areas with moderate rainfall are more prone to AMD generation as rapid oxidation 
and dissolution of the exposed sediments is more likely to occur. As metal species 
content differs from region to region, the toxicity and capacity to generate acidity differs 
as well.  
In 1970, 19,308 km of streams in the United States were reported to be degraded 
by AMD (Pennsylvania, 1998). Of the 19,308 km, 16,920 km were located east of the 
Mississippi River in the Appalachian coal fields. The AMD problems in the northern and 
central areas of the Appalachian coal mining region are far more substantial than other 
coal-producing regions of the United States. Pennsylvania’s climate is humid and 
precipitation is relatively even in distribution year-round; these points make AMD 
characteristics very different from other regions that are semi-arid or arid. 
Across Pennsylvania, the precipitation (in the forms of rain and snow) and temperature 
patterns differ from region to region. It has been consistently found that precipitation 
exceeds evapotranspiration throughout Pennsylvania (Pennsylvania, 1998) The 
precipitation mostly runs into surface streams and bodies of water, with some infiltration 
into the groundwater. The significance of these patterns for abandoned mine sites is that 
none of them are completely dry and are therefore prone to producing groundwater 
drainage that ends up in the watershed, unless effectively capped.  
As abandoned mine sites are subject to weathering, compounds containing the 
elements iron, manganese, and sulfur frequently undergo oxidation (Manahan, 2010). All 
three elements are prevalent in AMD in western Pennsylvania. Iron is the tenth most 
abundant element, and manganese is the eleventh in the earth’s crust, making them 
common components of weathered minerals (Mousavi et al., 2014). Iron containing 
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materials (pyritic compounds) are oxidized and combined with water to produce sulfuric 
acid and free metal ions, which is the principle feature of abandoned mine drainage 
(AMD). Pyrite (FeS2) is oxidized in the following reaction: 
 
Equation 1: 2 FeS2 (s) + 2H2O + 7O2  4H+ + 4SO42- + 2 Fe2+  (Manahan, 2010)  
 
The Fe2+ produced can react further with water to increase acidity and remove dissolved 
oxygen in this process: 
 
Equation 2: 4 Fe2+ + O2 + 10H2O  4 Fe(OH)3 (s) + 8 H+  (Manahan, 2010) 
 
Fe2+ is oxidized both chemically and microbially to Fe3+, with oxidation then leaching 
heavy metals. Acidithiobacillus ferrooxidans is able to oxidize pyrite, and is most active 
in acidic AMD water with a pH less than 3.2 (Akcil & Koldas, 2006). 
Fe3+ chemically catalyzes the leaching of other metal sulfides while being reduced to Fe2+ 
in the following reaction: 
 
Equation 3: MSX + Fe3+  MX+ + XS0 + Fe2+  (Akcil and Koldas 2006) 
 
In addition to metals being released, the sulfur is often combined with oxygen to produce 
sulfate and then sulfuric acid. Sulfuric acid is both toxic and can weather other minerals it 
contacts (Manahan, 2010). When water from the water table or surface runoff flows into 
abandoned chambers, sulfate and metals are carried out of the mining areas and leach into 
local water supplies (Skousen et al., 2017). The acidity and metal ions act in positive 
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feedback loop; high concentrations of protons aid in dissolving metal ions and dissolved 
metal ions cause protons to be generated from water molecules. Even when neutralization 
occurs, sulfate will persist in the solution (Akcil & Koldas, 2006). 
2.1.2 Effects of AMD 
 
Abandoned mine drainage, by decreasing pH and overloading with heavy metals, 
can destroy ecosystems and taint the water supplies on which humans depend (Simate & 
Ndlovu, 2014). Highly acidic water rich in metals can cause problems for over 100 years 
(BLM, n.d.; Eger, 1994). The combined effects of pH and heavy metals on the soil and 
water degrade the habitat, limiting the biodiversity of the wildlife, degrading the quality 
of the watershed for recovering water for human use or recreation, and sometimes 
polluting drinking water sources. Acidic water is highly corrosive. The H+ ion disrupts 
hydrogen bonding, enzyme conformation, and other biological molecules and processes 
(Manahan, 2010). Acidic water can leach metals from solid states. Sulfuric acid, for 
instance, dissolves manganese and aluminum (Pennsylvania,1998).  
The decrease in pH and increase in heavy metals concentrations have detrimental 
effects on human health, plant life, and aquatic life (Simate & Ndlovu, 2014). The rate of 
acid generation in mine drainage is dependent on pH, temperature, oxygen content of the 
gas phase, oxygen concentration in the water phase, degree of saturation with water, 
chemical activity of Fe3+, surface area of exposed metal sulfide, chemical activation 
energy required, and bacterial activity (Akcil & Koldas, 2006). Increased carbon dioxide 
concentration and oxygen reduction due to oxidation of metals, increased osmotic 
pressure, and synergistic effects of metal ions are secondary effects adding to toxicity of 
AMD (Pennsylvania, 1998). 
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When the pH of aquatic ecosystems drops, the organisms will first suffer sub-
lethal effects (Simate & Ndlovu, 2014). At pH of 5.0-6.0, some affects are quite 
pronounced. Undesirable species of alga and phytoplankton can flourish, green plants 
decrease in number, and the fungi and microbes responsible for organic matter 
decomposition may not tolerate this pH drop, leading to their decomposition activities 
being slowed or halted (Simate & Ndlovu, 2014). Fish are likely to be adversely affected 
in growth rates and reproduction (Pennsylvania, 1998).  
The pH of natural waters has a typical range of 6-8. This range allows for the 
optimal physiological function of aquatic biota—mollusks, worms, arthropods, fish, 
plants, and microbes (Simate & Ndlovu, 2014). Physiological functions of aquatic 
organisms are adversely impacted at low pH as exchange of ions with the water and 
respiration are affected (Simate & Ndlovu, 2014). Hydrogen ions can be taken into cells 
and sodium ions expelled, disrupting the balance of sodium and chloride in the blood of 
aquatic animals (Pennsylvania, 1998). Overall species diversity of fish tends to decrease 
as pH decreases below 6.4, and some streams that have been studied showed a complete 
loss of fish (Pennsylvania, 1998).  The acidity from AMD which enters water systems is 
quickly neutralized by the precipitation of iron oxides and hydroxides, which will form 
very fine deposits on the bottom of the river or stream (Simate & Ndlovu, 2014). The 
precipitates can cement the substrate and inhibit bottom feeding by macroinvertebrates or 
fish (Simate & Ndlovu, 2014). These effects typically decrease diversity and number of 
benthic macroinvertebrates and show an increase in tolerant species such as earthworms 
(Tubificidae), midge larvae (Chironomidae), fishfly larvae (Nigronia), alderfly larvae 
(Sialis), cranefly (Tipula), caddyfish larvae (Ptilostomis), predacious diving beetles 
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(Dytiscidae), and water boatmen (Corixidae) (Pennsylvania, 1998).  Iron oxides can 
accumulate on gills, preventing respiration, and devastate aquatic life (Simate & Ndlovu, 
2014). Many bottom feeders are the bottom of their food chain and if they are in low 
numbers, the entire aquatic community will suffer. In low pH waters, macroinvertebrates 
that feed on fallen leaves and organic matter in the water and their predators will 
dominate (Pennsylvania, 1998). Low pH levels reduce food availability and directly 
affect aquatic life (Pennsylvania, 1998).  
The producers of the ecosystem suffer from acidic and high metal conditions. The 
availability of macro and micronutrients is directly connected to the pH of the soil and 
water (Simate & Ndlovu, 2014). At a low pH, nitrogen, phosphorus, and potassium are 
often tied up in soil particles and unavailable to plants, and calcium and magnesium are 
often deficient (Simate & Ndlovu, 2014). To add further damage, toxic metals such as 
iron, manganese, and aluminum are more available at low pH (Simate & Ndlovu, 2014). 
Copper, cadmium, and zinc, common in acid mine drainage, are toxic at low 
concentrations and appear to synergistically suppress algal growth (Pennsylvania, 1998). 
Microbiota  decrease at low pH and their absence disrupts vital nutrient cycling for other 
organisms (Simate & Ndlovu, 2014). The oxidation of the iron depletes the available 
oxygen and limits the biota composition to those with lower oxygen requirements. Plants, 
fish, macroinvertebrates, and microbes vary in their tolerance to these effects, but the 
overall effect is a decrease of biodiversity as the most sensitive species cannot survive 
and only tolerant species persist. The effects are gradual, beginning at pH 6 and 
increasing as the pH drops. At each decrease, more organisms are affected and 
biodiversity decreases (Simate & Ndlovu, 2014).  
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2.1.3 Heavy Metals 
 
Heavy metals are classified as elements with metallic properties and an atomic 
number greater than 20 (Simate & Ndlovu, 2014). Some heavy metals are essential for 
normal growth. Co, Cu, Fe, Mn, Mo, Ni, and Zn are required for growth and metabolism 
in animals, plants, and bacteria, but at high concentrations, they are toxic (Singh & 
Kalamdhad, 2011). Other heavy metals such as Hg and Pb have no known biological 
functions and are toxic at any level but to varying degrees and depending on 
concentration. 
Heavy metal pollution is especially characterized by Cu, Ni, Cd, Zn, Cr, and Pb, 
which are toxic to life at low concentrations (Singh & Kalamdhad, 2011). At high 
concentrations, heavy metals can initiate oxidation reactions which destroy cell 
components and tissues (Ariza & Williams, 1996; Klassen, 2015). Heavy metals 
accumulate in organs and glands and disrupt their functions, and they can inhibit or 
displace vital nutrient minerals necessary for metabolism and other biological functions 
(Simate & Ndlovu, 2014). Heavy metals instigate the formation of reactive oxygen 
species, especially radical oxygen species O2
-  and cause oxidative stress, which degrade 
DNA, proteins, lipids, and enzymes, and lead to impaired function (Cardwell, Hawker, & 
Greenway, 2002; Simate & Ndlovu, 2014; Singh & Kalamdhad, 2011), Morris et al., 
2016). High levels of heavy metals can have lethal effects from acute exposure and 
reduce reproduction, stunt growth, and cause deformities or lesions from chronic 
exposure (Singh & Kalamdhad, 2011). Heavy metals are very persistent and prone to 
accumulate at high concentrations in aquatic plants and animals.  They bioaccumulate in 
aquatic life and at higher trophic levels. 
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A significant negative effect of heavy metals is that they inhibit soil enzymatic 
activities, and, therefore, impact the health of the soil. Most heavy metals have an affinity 
for sulfur, which makes them able to disrupt enzyme formation by binding to sulfur 
groups (Manahan, 2010).  Heavy metals commonly bind to thiol, thioether, imidazole, 
and carboxylate ligands; these metals displace the micronutrient metals which are the 
centers of many metalloenzymes (Merchant, 2010).  Carboxylic acid groups and amino 
groups can be bound by heavy metals (Manahan, 2010). These tendencies to bind to 
proteins and to disrupt enzyme formation contribute to the overall toxicity of water laden 
with heavy metals. In soils, the presence of heavy metals can shift the microbial 
community to those that are tolerant of the toxic doses (Singh & Kalamdhad, 2011). 
Heavy metals decrease key microbial processes and can decrease the total number and 
activity of microbes (Singh & Kalamdhad, 2011). Enzymes are affected in different ways 
by the presence of the heavy metals (Singh & Kalamdhad, 2011). Cd inhibits proteases, 
ureases, alkaline phosphatases and arylsulfatases, Cu inhibits -glucosidase activity, and 
Pb decreases catalases, invertases, and acid phosphatases (Singh & Kalamdhad, 2011). 
Ureases are inhibited by Cr, Cd, Zn, Mn, and Pb (Singh & Kalamdhad, 2011). Cr is an 
especially toxic oxidizer as the species Cr6+, but actually a micronutrient as Cr3+, and 10 
to 100 times less toxic than Cr6+ (Singh & Kalamdhad, 2011).  
Once heavy metals contaminate the soil and water, they often combine with other 
compounds which become part of the food chain. Insoluble Fe3+ and Mn4+ often exist in 
water as colloidal material, sometimes associated with humic colloids (Manahan, 2010). 
Colloidal material can be very difficult to remove from water. Plants can experience 
oxidative stress when exposed to heavy metals, which leads to damage to cells and 
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disruption of ionic homeostasis (Simate & Ndlovu, 2014). Heavy metal toxicity is 
characterized in plants by chlorosis, weak plant growth, yield depression, and appears to 
be related to reduced uptake of nutrients (Singh & Kalamdhad, 2011). 
Metal affinity for soil colloids and the mobilization of the heavy metal contribute 
to how pronounced their effects are in soil (Singh & Kalamdhad, 2011). The ability of the 
heavy metals to mobilize is most closely tied to pH; neutral pH typically results in 
immobilized metals as inorganic compounds of metal oxides, hydroxides, and carbonates 
(Gambrell, 1994). Highly acidic AMD often prevents this immobilization and contributes 
to their toxic levels in AMD. 
Cadmium, copper, lead, and zinc are particularly toxic to aquatic life 
(invertebrates and vertebrates), even at low levels (Simate & Ndlovu, 2014). Pb is 
connected to nervous tissue damage, especially for neural development in children. Hg  
causes nerve damage and blood disorders  (Manahan, 2010; Klassen & Watkins, 2015; 
(Ariza & Williams, 1996; Bakir et al., 1973). In children, Hg is associated with cognitive 
disorders and developmental disabilities (Klassen & Watkins, 2015).  
In natural groundwater, heavy metals occur at relatively low concentrations, with 
some being more prevalent than others. These metals’ presence in AMD would not 
automatically indicate pollution (Singh & Kalamdhad, 2011). Iron is commonly 
encountered in uncontaminated waters. In groundwater, iron is usually less than 10 PPM, 
and manganese is usually less than 2 PPM (Manahan, 2010). Fe, Zn, Ca, and Mg are of 
biological importance and are only toxic when at high concentrations (Klassen & 
Watkins, 2015). Zinc is essential for a variety of metabolic processes, including the 
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normal function of the immune system, normal growth and development. It is used for a 
dietary supplement for these reasons (Klassen & Watkins, 2015). 
Iron is essential for producing red blood cells, hemoglobin, myoglobin, heme 
enzymes, metalloflavoprotein enzymes, and mitochondrial enzymes (Klassen & Watkins, 
2015). When consumed at high concentrations, Fe causes oxidative stress and catalyzes 
acid formation.  Fe2+ can activate the Fenton reaction that leads to the formation of the 
free radical, OH-, which damages most macromolecules and oxidizes organic matter 
(Chemizmu & Fentona, 2009; Fenton, 1894; Wandersman & Delepelaire, 2004). The 
reactive oxygen species are formed in a series of steps, but the basic reaction is as 
follows: 
  
Equation 4: Fe2+ + H2O2  Fe3+ + OH- +  OH• (Chemizmu, Fentona et al. 2009) 
 
Overproduction of reactive oxygen species such as OH- can lead to toxic cell death 
(Klassen & Watkins, 2015). The Fenton reaction can also be initiated by Cu, Mn, Cr, and 
Ni (Klassen & Watkins, 2015). The oxidizing of biological molecules caused by the 
Fenton reaction is thought to be implicated in the aging process, heart disease, and cancer 
(Chemizmu & Fentona, 2009). Iron toxicity symptoms such as pallor, vomiting, and 
abdominal pain, would appear within 1-6 hours of ingesting an overload, but chronic 
exposure to iron overload is implicated in cardiovascular disease, from free radical 
damage causing artherosclerosis (Klassen & Watkins, 2015).  Neurodegenerative 
conditions caused by Fe toxicity could lead to the Alzheimer’s disease and Parkinson’s 
(Mercurio, 2017). Although iron is essential to plant growth, toxic effects occur when 
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taken up in excess. Symptoms of iron toxicity in plants are bronzing (coalesced tissue 
necrosis), acidity, and blackening of the roots (Rout & Sahoo, 2015).  
 Being abundant in the earth’s crust and therefore able to enter drainage, Mn is 
also an important metal commonly found in AMD. Mn is an essential micronutrient for 
humans, plants, and animals, and it is easily obtained from many sources in the typical 
person’s diet (EPA, 1993). Mn is important for the formation of the antioxidant enzyme 
Mn-super oxide dismutase in mitochondria found in animals and plants (Mercurio, 2017; 
Mousavi, Shahsavari, & Rezaei, 2011). Mn deficiency is usually avoided as it is found in 
many foods (EPA, 1993). 
In water, dissolved Mn has a noticeably disagreeable taste and coloration at 0.05 
PPM, but toxic effects leading to health impairment have been seen at chronic exposures 
of 2 PPM or more (EPA, 1993). The World Health Organization (WHO) sets a 
recommended limit for drinking water at 0.4 PPM because of health concerns (Bouchard, 
Laforest, Vandelac, Bellinger, & Mergler, 2006). Mn2+ inhibits Ca2+ efflux mechanisms 
in the heart and brain mitochondria, which can damage the mitochondria, inhibit 
mitochondrial respiration, and interfere with oxidative phosphorylation (Gavin, Gunter, 
& Gunter, 1999).  Chronic exposure to Mn is found to affect the central nervous system, 
particularly affecting neurotransmitters in the brain and apoptosis in active neurons, 
which results in behavioral effects in humans (EPA, 1993(Gavin et al., 1999). The 
neurotoxic effects are typically seen from inhaled exposure to manganese  (EPA, 1993).  
Neurotoxic symptoms due to Mn have been found to occur after months of drinking 
water contaminated with 28 PPM (EPA, 1993). Excess Mn exposure is associated with 
neurobehavioral development disorders and cognitive deficits (Menezes-Filho, Novaes, 
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Moreira, Sarcinelli, & Mergler, 2011). A study of children’s exposure to Mn in drinking 
water (2.37 PPM) found a correlation to high Mn exposure and oppositional and 
hyperactive behaviors in children (Bouchard et al., 2006). Deficits in academic progress 
(particularly math proficiency) have been correlated at exposure of 4 PPM for children 
(Khan et al., 2012). Levels at greater than 0.4 PPM in drinking water are also implicated 
in infant mortality (Khan et al., 2012). Acute exposure to high concentrations of Mn 
appears to be well-managed by normal homeostatic processes in humans and does not 
pose much concern (EPA, 1993), but chronic exposure alarms some researchers 
(Bouchard et al., 2006; Menezes-Filho et al., 2011). 
2.1.4 Circumneutral AMD 
 
When AMD encounters alkaline sediments, they prevent the AMD from reaching 
the low pHs. When coal seams contain calcite or there are no acid-producing materials, 
the drainage will be neutral (Akcil & Koldas, 2006).  Alkaline drainage is more common 
in underground mines than in open pit mines (Akcil & Koldas, 2006). Alkaline mine 
drainage is not considered to be as damaging as acid mine drainage (Akcil & Koldas, 
2006). High concentrations of ferrous iron in alkaline mine drainage will rapidly lower 
the pH as the iron oxidizes if there is nothing to buffer the pH drop (Akcil & Koldas, 
2006). Limestone (CaCO3) deposits provide a source of calcium carbonate to buffer the 
acidity of incoming mine drainage via Equation 5.    
 
Equation 5: CaCO3 + 2H+  CaCO2 + H2O  
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The effect of the calcium carbonate is to raise the pH, often to circumneutral levels (6-8). 
Circumneutral mine drainage does not cause the same types of problems as acidic mine 
drainage as it does not have the problems associated with H+ ions. Circumneutral mine 
drainage still has a heavy metal load and often high sulfate concentrations. Iron is able to 
precipitate from a circumneutral pH by forming oxides and these oxides accumulate as 
sediments of the water basins. Metal toxicity associated with the metals in the 
circumneutral pH still poses a problem at the circumneutral pH. 
2.1.5 Mine Drainage Remediation 
 
The United States has had mines in operation for centuries.  These mines were 
built principally for extraction of precious metals and coal (Office of Energy Efficiency 
and Renewable Energy, n.d.). When operating a mine becomes more expensive than 
closing it, the mine is abandoned. It is estimated that there may be as many as 500,000 
abandoned mines in the United States (BLM, n.d.). Before legislation that required 
considerations of their safety and environmental impact after closure, most were 
abandoned with no mitigation efforts to manage their consequences. In the United States, 
many abandoned mines are in the Appalachian region. PA has ~11,000 documented 
abandoned mines with most of these mines being coal mines (Mine Safety & Health 
Administration). 
As the detrimental effects of AMD have become widespread and more thoroughly 
understood, research on the best techniques to remediate it has increased. Mines vary in 
their impact on the environment, some causing highly toxic heavy metal pollution and 
others sulfate pollution. Each case of mine drainage is unique and requires information on 
the region’s geology, hydrology, and ecology to make the best decision on the 
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remediation strategy. These techniques can be divided into two types, source control 
techniques and mitigation techniques.  
Source control techniques are more effective when the mine is still in operation 
and it is easier to manage. Controlling the water in the mine area can contain the 
contaminants and prevent generation of AMD (Akcil & Koldas, 2006). The management 
of the water can be accomplished by diverting surface water away from the site of 
pollution, preventing infiltration of groundwater into polluted site, preventing water 
seepage into the contaminated areas, and controlling placement of acid-generating waste 
(Akcil & Koldas, 2006).  Diverting the water flow is often accomplished with ditches and 
dams, but without lining and special care, groundwater contamination is possible (Akcil 
& Koldas, 2006). Under-drains and sealing layers can be used to slow the flow of the 
water (Akcil & Koldas, 2006). Open pit mines generates AMD, but other methods in 
addition to neutralization, desalination, and precipitation are often used to prevent AMD 
release into the environment (Akcil & Koldas, 2006). Flushing the spoil heap and 
draining it can prevent accumulation of pollutants to high levels and remove iron before it 
is oxidized (Akcil & Koldas, 2006). Flushing, however, still discharges spoil water which 
generates acidity (Akcil & Koldas, 2006).  Flooding the spoil to prevent oxidation and 
then contained and prevented from being released into the environment is used to prevent 
the generation of AMD (Akcil & Koldas, 2006).  
The discharge itself needs to be collected for treatment and prevented from 
entering the environment with heavy contaminant loads (Akcil & Koldas, 2006). 
Frequently, mitigation techniques are required as the damage is already apparent (Simate 
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& Ndlovu, 2014). Mitigation of the damage can be achieved by active or passive 
remediation.  
2.1.6 Mitigation by Active Remediation 
 
In active mine remediation, chemicals and energy are directly inputted to the 
acidic AMD source on a regular basis to neutralize the acidity and immobilize the heavy 
metals. This strategy is often appropriate for mines currently in operation and is often 
focused on preventing contamination of downstream watersheds (Simate & Ndlovu, 
2014). The mine discharge is channeled through a water treatment or desalination plant to 
turn the contaminated water into potable, industrial, or agricultural standard purities 
(Akcil & Koldas, 2006). The methods for active remediation vary from site to site and 
depend on type of contaminants and cost of reagents. 
Reagents for neutralizing the acidity of AMD are chosen for cost effectiveness 
and type of contamination. Commonly, limestone, hydrated lime (Ca(OH)2), soda ash 
(Na2CO3), caustic soda (NaOH), ammonia, calcium peroxide, kiln dust, and fly ash are 
used in neutralization processes (Akcil & Koldas, 2006). Ash has been suggested as a less 
costly alternative than lime for raising pH (Stoltz & Greger, 2006). The reagents are 
stirred into the AMD with aeration to neutralize and precipitate contaminants (Akcil & 
Koldas, 2006). Aeration and limestone (CaCO3) are often used to treat acidic mine water 
(Simate & Ndlovu, 2014). AMD can be directly combined with hydrated lime and rapidly 
mixed and then diverted into settling chambers or aeration tanks (Akcil & Koldas, 2006). 
Aeration introduces oxygen into the water to oxidize the metals and precipitate them. 
Limestone abiotically neutralizes the acidity in the following reaction. 
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Equation 6: CaCO3 + H+  Ca2+ +HCO3-   (Skousen et al., 2017)  
 
The neutralization process depletes the limestone or other alkalinizing reagent and it must 
be continuously replenished. Metals at high concentrations can inhibit the neutralization 
properties of limestone as the limestone is coated with metal oxides, especially iron, and 
lose its effectiveness under heavy metal loads (Akcil & Koldas, 2006; Skousen et al., 
2017). The increased pH generated by the neutralization process increases heavy metal 
removal. FeCO3 and MnCO3 precipitate in high levels of carbonate and a pH over 8.5 
(Manahan, 2010). The simplest way to use limestone to treat AMD is to line a stream bed 
with limestone and pass the water over it (Akcil & Koldas, 2006).  As the limestone is 
coated with iron, calcium sulfate, and biological growth, however, it loses effectiveness 
and must be replaced (Akcil & Koldas, 2006). Crushed limestone can be added to the 
water (Akcil & Koldas, 2006).  
In addition to the neutralization of the acidity, the high concentrations of heavy 
metals must also be removed. Industrially produced reagents which selectively precipitate 
metals are sometimes used but are currently too costly to use on large scales (Simate & 
Ndlovu, 2014). For example, cation/anion exchange processes can be employed. GYP-
CIX uses cation and anion exchange resins to absorb cations such as Ca2+ and anions 
such as SO4
2- and exchange them for hydrogen and hydroxide ions (Akcil & Koldas, 
2006). When the resins become fully loaded, they are then recharged (Akcil & Koldas, 
2006). Active remediation is sometimes accomplished with other chemicals that oxidize 
the heavy metals and precipitate them. For example, chlorine and potassium 
permanganate are oxidizing agents that can increase the oxidation of iron and manganese 
(Manahan, 2010). Often organic compounds chelate Fe2+ and maintain it in a soluble 
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complex (Manahan, 2010). When soil particles and organic matter are present in AMD, 
chlorine can be even more effective in oxidizing iron as it destroys organic matter, which 
chelates the Fe2+ (Manahan, 2010). Other chemicals, such as alum or ferric chloride, 
when added to contaminated water act as coagulants (Simate & Ndlovu, 2014). 
A combination method of cyclic electrowinning and precipitation (CEP) is a 
recent development  for removing metal cations from solution (Simate & Ndlovu, 2014). 
The process proceeds in two stages. The concentration of metal cations is increased by 
changing the pH to separate the metal precipitate from the solution. Subsequently, 
electrowinning is used to recover the metals from waste water (Simate & Ndlovu, 2014). 
Clear water is removed, more contaminated water is added, and the process is repeated 
(Simate & Ndlovu, 2014). When a high enough level of metal cations is reached, the 
water is directed to a spouted particulate electrode for electrowinning, or the conversion 
of cations to stable metal solids (Simate & Ndlovu, 2014). The sludge is continuously 
formed and re-dissolved within the system and none is left as contamination.  
Byproducts of active processes can still leave residues and emissions (Simate & 
Ndlovu, 2014). Heavy metals and additives are often still present at some level in the 
sludge at the end of the remediation process. Because residual waste is still present at the 
end of the remediation treatments, the goal has become to generate zero-waste and useful 
materials from the process (Simate & Ndlovu, 2014). The metals in the sludge can be 
reclaimed for use in other manufacturing processes and sulfuric acid can even potentially 
be recovered (Simate & Ndlovu, 2014). For cation exchange processes, the use of nitric 
acid and phosphoric acid to treat the cation resin has been suggested since the resulting 
effluent could be used in making fertilizer (Akcil & Koldas, 2006).  
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Active remediation is sometimes biologically driven. Off-line sulfidogenic 
bioreactors utilize biological processes to reduce acidity and metal contamination (Simate 
& Ndlovu, 2014). Microbial fuel cells are being developed to generate power from AMD 
(Simate & Ndlovu, 2014). Some AMD sludge can act as an adsorbent to remove metal 
from water (Simate & Ndlovu, 2014). Converting AMD waste into useful products 
continues to be a challenge for remediation.  
2.1.7 Passive Mine Remediation 
 
Active mine remediation may show more immediate results, but its expense often 
makes it untenable for an abandoned mine site where the responsible entity is long-
forgotten or bankrupt. In these cases, passive mine remediation is generally the strategy 
taken. The body of research on passive remediation has greatly increased in the last 
decade, and the techniques that are most appropriate for the various scenarios have been 
well-tested (Skousen et al., 2017). Passive remediation systems are typically geochemical 
and/or biological in nature (Skousen et al., 2017). Biological systems are classified as 
settling ponds, vertical flow ponds, Mn removal beds, bioreactors, aerobic wetlands, and 
anaerobic wetlands (Skousen et al., 2017). Geochemical systems include anoxic 
limestone drains, open limestone channels, limestone leach beds, steel slag leach beds, 
diversion wells, limestone sand, and low pH Fe oxidation channels (Skousen et al., 2017). 
The appropriate components for a passive system are chosen based on water chemistry, 
flow rate, local topography, and site characteristics (Skousen et al., 2017). For example, 
anoxic limestone drains are effective at low pH and high metal loads because they 
abiotically neutralize the acidity of the drainage while preventing oxidation of metals 
which would produce more protons and coat the limestone with metal oxides (Simate & 
 21 
Ndlovu, 2014). A mixture of geochemical and biological methods are frequently used on 
the same mine. 
Oxic settling ponds are a common treatment component for passive systems. The 
mine drainage is channeled through troughs so that it has as much contact with the air as 
possible. The soluble ion reacts with oxygen, is oxidized, and precipitates as a solid. For 
example, iron is precipitated as an iron oxide in the following reaction: 
 
Equation 7: Fe2+(aq) + O2  FeO2(s)   
 
 Similar to oxic settling ponds, vertical flow ponds were developed as a treatment 
option in the late 1980s (Skousen et al., 2017). Vertical flow ponds or vertical flow 
wetlands are similar to settling ponds, but are constructed so that the treated water leaves 
after being channeled through the bottom substrate (Skousen et al., 2017). Vertical flow 
ponds are lined with a 0.5-1m layer of limestone and topped with a 0.2-0.6 m layer of 
compost (Skousen et al., 2017). The organic substrate generates reducing conditions to 
reduce iron so it does not form hydroxides on the limestone substrate and sulfate 
reduction removes acidity (Simate & Ndlovu, 2014; Skousen et al., 2017). In the base of 
vertical flow ponds, perforated drainage pipes direct the water to wetlands or settling 
ponds to precipitate metal oxides. Vertical flow ponds are often linked in series to be a 
stand-alone treatment (Skousen et al., 2017).   
 Mn removal beds are constructed of rock surfaces (typically limestone), which jut 
out of the water, at a neutral or alkaline pH for the water to flow over (Skousen et al., 
2017).  At circumneutral pH, Mn is thermodynamically insoluble but is catalyzed to form 
precipitates by common microorganisms—Mn oxidizing bacteria (Skousen et al., 2017). 
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The oxidation of soluble Mn is catalyzed by solid phase Mn such as MnO2 (Zipper, 
Skousen, & Jage, 2018). Sometimes alkalinity is added to help the bacteria grow as at 
least circumneutral levels are required (Skousen et al., 2017). Ferromanganese nodules 
have been added to systems to catalyze manganese removal (Hallberg & Johnson, 2005). 
 Bioreactors have a similar construction to vertical flow ponds, but the organic 
matter present is to mainly stimulate microbial sulfate reduction to treat the drainage. 
Limestone is commonly mixed in with the organic matter substrate to help neutralize the 
acidity (Skousen et al., 2017). Sometimes microbes which reduce sulfate and iron are 
inoculated into these systems to start their processes (Skousen et al., 2017). Organic 
matter is sometimes added periodically to provide nutrients for microbes (Skousen et al., 
2017). These systems are effective for acidic and metal-rich water, but distinct seasonal 
variation is often found (Skousen et al., 2017). Sulfate reducing bacteria (SRB) reactors 
have been found to remove Cu, Ni, and Zn (Clyde, Champagne, Jamieson, Gorman, & 
Sourial, 2016). SRB reactors in combination of aeration and limestone have been found 
to raise the pH of incoming drainage (Clyde et al., 2016). 
 Often a passive remediation system combines features to take advantage of 
aerobic and anaerobic processes and biological and physical processes. Ponds contain a 
peat substrate and are separated by limestone berms (Clyde et al., 2016).  A peat biofilter 
has been found to primarily retain Fe and Cu (Clyde et al., 2016). The combination of 
organic substrates and neutralizing compounds provide different processes to treat AMD.  
2.2.1 Constructed Wetlands in Remediation 
 
Wetlands are defined based on hydrology, plant community, and soil type. A 
wetland is usually most easily identified by wet conditions and waterlogged soil. Some 
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wetlands have standing water in them year-round, and some have seasonal dry 
conditions. Wetlands are important for buffering—keeping freshwater and saltwater 
separate on the coasts, trapping trace contaminants and preventing erosion.  In contrast, 
upland soil is typically dry except during rain events. Agricultural soil are examples of 
upland soil. Upland and wetland soils have significantly different chemical properties and 
react to trace metals and other contaminants differently. Wet conditions and waterlogged 
soil have significantly different redox conditions from upland soils, which affects the 
immobilization or bioavailability of trace metals (Humphries, McCarthy, & Pillay, 2017). 
Wetlands are more susceptible to trapping toxins and metals in the environment as they 
are usually located at low spots in the landscape, which physically allows them to trap 
more environmental contaminants (Akcil & Koldas, 2006).  
Because naturally occurring wetlands have multiple critical ecological purposes, 
they are protected in the United States under the Clean Water Act under Section 404 
(1972). They are protected from degradation or filling in by the government and private 
agencies. In instances where it is in the best public interest to fill a wetland, additional 
wetlands are often constructed or restored to offset the wetlands destruction. Often 
wetland plants are established to treat contaminated sites (Skousen et al., 2017; Stoltz & 
Greger, 2006; Ye, Whiting, Qian, et al., 2001). Wetlands are often constructed at the end 
of passive mine remediation systems as a “polisher” in an attempt to take advantage of 
the wetlands tendency to accumulate sediments and minerals. In passive mine 
remediation systems, the settling ponds are often where the metals are principally 
precipitated and immobilized and the wetlands sediments and vegetation are thought to 
adsorb or absorb remaining metals.  
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The physical and chemical properties of soils determine how metals are 
immobilized or mobilized (Gambrell, 1994; Humphries et al., 2017). The soil texture 
(proportion of silt, sand, or clay) and clay type will influence how much contaminant is 
adsorbed (Gambrell, 1994). The redox potential of the soil, pH, organic matter content, 
salinity, and presence of carbonates and sulfides will chemically affect metal 
mobilization or immobilization (Gambrell, 1994). Coarse-textured soils typically drain 
well, and dissolved metals often have a low affinity for these components, making them 
unlikely to retain metals (Gambrell, 1994). Fine-textured soils, rich in organic matter are 
more likely to accumulate contaminants (heavy metals or organics) (Gambrell, 1994).  
Relatively slow flow rates allow for adsorptive surfaces of clays and humic matter to 
retain trace metals and for organic matter to form complexes with metals (Gambrell, 
1994; Humphries et al., 2017).  
After observing acid mine drainage ameliorate as it passed through a Sphagnum 
bog (in 1978 and 1982) and Typha spp. wetlands (in 1985 and 1988), the strategy of 
constructing wetlands to purposefully trap toxins was discussed and implemented 
(Skousen et al., 2017). In natural wetlands, the plants show long-term adaptation to low 
pH and high metal concentrations, but frequently the system degrades over time (Skousen 
et al., 2017). Some natural wetlands have been found to remove iron and manganese, and 
sometimes the iron, known as bog iron or limonite has been mined (Akcil & Koldas, 
2006). Mixed oxides of manganese called wad or bog manganese are  produced under 
less acidic conditions in wetlands (Akcil & Koldas, 2006). Wetlands constructed with the 
intention of ameliorating abandoned mine drainage are designed to mimic natural 
processes (Humphries et al., 2017; Skousen et al., 2017). Wetlands can also be used to 
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treat two different pollutants at once, such as sewage overflow and mine drainage 
(Johnson & Younger, 2006). Many processes such as adsorption, absorption, and 
sedimentation occur in wetlands to deposit metals.  
Wetlands work in two ways, either via aerobic or anaerobic processes. Vegetation 
in the wetlands disperses the flow and slows it down; otherwise flowing water will be 
channeled along a path with the greatest speed (Zipper et al., 2018).  Aerobic wetlands 
are constructed when the system is overall neutral but high in alkalinity and generating 
protons as iron is oxidized is not a significant factor (Skousen et al., 2017; Zipper et al., 
2018). Aerobic wetlands are constructed of shallow ponds (10-30 cm), which allows for 
plants to colonize them and maintain aerobic conditions (Zipper et al., 2018). Typha spp. 
are often planted in these systems (Zipper et al., 2018).  
Anaerobic wetlands are constructed when acidity is a major problem of the AMD, 
as continuing oxidation of sulfides would lead to sulfates and proton generation (Skousen 
et al., 2017). Sulfate reduction can form metal sulfides, which will also remove them 
from solution (Zipper et al., 2018).  Anaerobic wetlands are constructed with a 15-30 cm 
bed of limestone and a 30-60 cm layers of organic matter on top (Zipper et al., 2018). 
These systems vary in depth, but sometimes the water is 30-60 cm deep to help establish 
vegetation (Zipper et al., 2018). 
Mine tailings are often highly contaminated with heavy metals and have an acidic 
pH. When these tailings are weathered, AMD can result (Stoltz & Greger, 2006). To 
prevent the tailings from becoming weathered and causing AMD, plant establishment 
could secure the soil and prevent decreases in pH from oxidation, stabilizing the metals 
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(Stoltz & Greger, 2006).  With other soil amendments to improve the carbon content and 
raise soil pH, plants could be established on these sites (Stoltz & Greger, 2006).  
Heavy metal removal in wetlands occurs from several processes at the end of 
AMD remediation systems. Multiple processes combine and can interact synergistically 
or counteract each other. Settling, sedimentation, sorption, co-precipitation, cation 
exchange, photodegradation, phytoaccumulation, biodegradation, microbial activity and 
plant uptake all contribute to heavy metal removal (Sheoran & Sheoran, 2006); Skousen 
et al., 2017). For instance, with the presence of sulfate reducing bacteria, converting 
sulfate to sulfide, metal precipitation is favored because metal sulfides are formed 
(Sheoran & Sheoran, 2006). Precipitation as metal sulfides effectively immobilizes heavy 
metals (Gambrell, 1994). After precipitation of metal compounds, sedimentation will 
gradually bury these compounds and further sequester them in the wetlands (Gambrell, 
1994). The plants in constructed wetlands have shown effectiveness in removing 
suspended organic matter and metals (Marchand, Mench, Jacob, & Otte, 2010).  The 
effectiveness of metal removal is mainly due to immobilization in the rhizosphere (the 
area that directly surrounds a plants root system) (Marchand et al., 2010). 
Research in heavy metal removal (particularly Ni) has found that lower water 
levels, decreased flow rates, and increased contact between the drainage and the organic 
surface allow for more heavy metal removal (Eger, 1994) . Eger (1994) found that deep 
water ponds in remediation sites had less surface area than shallow ponds, which made 
these ponds have a mass removal rate of only 40%-68% instead of 83% to 86% as in the 
shallow ponds. In this study, nickel removal was mainly attributed to contact with a peat 
surface (Eger, 1994). Interestingly, pH actually decreased 0.1-0.2 units below the inlet 
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pH, which they attributed to cation exchange at the peat surface for hydrogen ions (Eger, 
1994). 
In many wetlands, the metal removal mostly occurs in the aerobic zone close to 
the surface because little transport of metals into the deeper anaerobic portion occurs 
(Eger, 1994, Skousen et al., 2017). Most of the flow occurs across the upper 30 cm of the 
wetlands and metals would have to reach down into lower layers via diffusion, a very 
slow process (Eger, 1994). Some metals, such as Cd and Zn, are released in oxidizing 
conditions, especially under acidic conditions (Gambrell, 1994).  Under strongly reducing 
conditions, metal sulfides are more likely to form, but these are unstable under oxidizing 
conditions (Gambrell, 1994). Wetland hydrology usually favors these reducing conditions 
which would immobilize metals and prevent leaching (Gambrell, 1994).  Experiments by 
Gambrell (1994), in which sediment material was stirred and oxygenated, pH dropped 
from over 7.0 to nearly 3.0. Oxidation in a wetland can occur due to the transport of 
oxygen to the root tissue in wetland plants (Gambrell, 1994).  
A study on Cu and Zn removal in a constructed wetland found seasonal variation 
in metal removal (Xu & Mills, 2018). The difference in removal they attributed to 
variation in sulfate reduction during warm months versus cold months (Xu & Mills, 
2018). The warmer months favored sulfate reduction that made metal sulfides precipitate 
and become not bioavailable, but in the cooler months, sulfur was oxidized and metal 
sulfides were not the main metal removal mechanism (Xu & Mills, 2018). Instead, 
adsorption to organic matter was shown to be the principal metal removal mechanism 
(Xu & Mills, 2018). The sulfur cycle was significantly different in the cooler months than 
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in the warm months and plant uptake of sulfur compounds was essentially non-existent 
(Xu & Mills, 2018). 
2.2.2 Wetland Community 
 
As in any ecological community, a wetland is a community of plants, fungi, 
animals, and bacteria interacting in many ways. Some interactions are commensal, some 
are harmful, and some are mutually beneficial. Plants often recruit beneficial bacteria to 
aid in acquisition of nutrients or to simply block pathogenic bacteria from colonizing 
their tissue or area by competition. Some bacteria are not harmful or helpful in one 
setting but are in a different setting. All species that live in a wetlands must have 
adaptations to survive the saturated conditions of the soil for at least part of a year.   
The plants that colonize wetland areas must be able to tolerate saturated soils or 
submerged conditions, which would often kill upland plants because they cannot bring in 
oxygen to their roots. Plants in wetlands will either have adaptations for a completely 
aquatic niche, being submersed or floating, or will have root and rhizome adaptations that 
allow them to be anchored in the saturated soil or shallow water. Compared to upland 
plants, wetland plants tend to have higher root porosity and monocots frequently have 
hollow stems which facilitate oxygen diffusion to roots (Rout & Sahoo, 2015). Some 
species such as Lemna minor (duckweed) are very small and simply float on the surface 
of the water in wetlands with their leaves in small mats. Others such as Stuckenia 
pectinata (Sago Pondweed) form submerged mats with their thin leaves. Reed and 
bulrush plants such as cattail (Typha spp.) have a tall stalk emerging from the water with 
rhizomes and roots submerged. Larger plants with more extensive root systems and 
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rhizomes can trap sediments in their base. Plant species found in a wetlands depend on 
the type of wetland—coastal or freshwater, ephemeral, semi-permanent or permanent. 
Many wetland plants have been studied for their contribution to efficiency of metal 
removal in constructed wetlands (Marchand et al., 2010; Stoltz, Greger, & botany, 2002).  
A constructed wetlands is often planted in monoculture, so some studies that investigate 
the efficiency of that particular plant, are not accounting for any factors related to 
competition between plant species.  
Plants such as cattail, reed, bulrush, sedge and some alga have been investigated 
for their effect on metal removal in monoculture (Marchand et al., 2010).  Emergent 
plants, plants that have a root system grounded in the substrate below the water line and 
the leaves stalking rising above, have been shown to be effective in removing suspended 
organic matter and metals (Marchand et al., 2010). This removal is mostly due to 
deposition in the root zone (rhizodeposition) and some storage in underground biomass 
(Marchand et al., 2010). Floating plants are not responsible for as much substrate 
formation as emergent plants, but are prone to absorbing metals directly into their 
biomass (Marchand et al., 2010). Submerged plants (roots, leaves, and stems are entirely 
below the water line) have not been studied as much as others, but some are recognized 
as having high potential for water decontamination (Marchand et al., 2010). 
 
Table 1: Common Wetland/Aquatic Plants studied in metal remediation and noted for effects on metal.  
Scientific Name Common Name Metals found to be affected in 
remediation 
Phragmites 
communis/australis 
Common Reed Fe, Zn, Cu, Sr, Ni, Ba*, Cr, Mn*, 
Al*, Cd, Pb 
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Salix vimminalis Common Osier  Fe*, Zn, Cu, Sr, Ni, Mn*, Ba*, 
Al, Cd, Pb 
Mentha aquatica Aquatic Mint Fe*, Zn, Cu, Hg* 
Ludwiga palustris Creeping primrose Fe, Zn, Cu, Hg* 
Myriophyllum aquaticum Parrot feather Fe, Zn, Cu, Hg* 
Potamogeton pectinus/ 
Stuckenia pectinata 
Sago Pondweed Zn, Cu, Mn, Cd*, Pb 
Potamogeton malainias Pondweed Zn, Cu, Mn, Cd, Pb 
Eichhornia crassipes Water Hyacinth Fe*, Zn*, Cu*, Ni, Cr, Cd 
Populus canadensis Carolina Poplar Fe*, Zn, Cu, Sr, Ni, Ba, Mn*, Al, 
Cd, Pb 
Acorus gramineus Dwarf Sedge Fe*, Cu*, Mn*, Cr*, Cd*, Pb* 
Acorus orientale Japanese Sweetflag Fe*, Cu*, Mn*, Cr, Cd*, Pb 
Acorus calamus Sweetflag Fe*, Cu*, Mn*, Cr*, Cd*, Pb  
Lythrum salicaria Purple Loosestrife Fe*, Cu*, Mn*, Cr, Cd*, Pb 
Iris pseudacorus Paleyellow Iris Fe*, Cu*, Mn*, Cr*, Cd*, Pb* 
Schoenoplectus acutus Bulrush Zn, Cu, Hg, Cd, Pb, As, Sb 
Schoenoplectus 
californicus 
Giant Bulrush Zn, Cu, Hg, Pb 
Typha latifolia Cattail Fe, Zn*, Cd*, Pb* 
Typha dominengis Southern cattail Fe, Ni, Cr 
R. carnea  Fe*, Cu*, Mn*, Cr, Cd*, Pb  
Ceratophyllum demersum Horn Tail Fe*, Mn*, Cu*, Cr*, Cd, Pb 
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Eleoacharis acicularis Needle Spikerush Zn, Cu, As, Sb 
Hydrodictyon reticulatum Water Net Alga Fe*, Cu, Mn, Cr*, Cd 
Spirodela polyrhiza Giant Duck weed Fe, Zn*, Cu*, Mn, Cr, Cd 
Chara coarallina Water Horsetail Fe, Cu, Mn, Cr, Cd 
Vallisneria sprialis Channel Grass Fe, Cu, Mn, Cr, Cd,  
Bacopa monnieri Water Hyssop Fe, Cu, Mn, Cr, Cd* 
Alternanthera sessilis Alligator Weed Fe, Cu, Mn, Cr 
Hygrorhyzza aristate Wild Rice Fe, Cu, Mn, Cr, Cd* 
Lemna gibba Gibbous duckweed Zn*, Cu, Cd* 
Pistia stratiotes Water Lettuce Fe*, Zn*, Cu*, Cr 
* Indicates 90-100% removal rate. Adapted from (Marchand et al., 2010; Ye, Whiting, Lin, et al., 2001) 
The adaptation that wetland plants have to transport oxygen to the roots could 
have implications for the fate of metals in the root zones of plants and alter the redox 
potential of the root zone. Not all wetland plants tolerate the conditions caused by AMD. 
Some are more tolerant of heavy metals and acidity than others. Carex rostrate, 
Eriophorum angustifolium, Phragmites australis, and Typha latifolia (cattail) are wetland 
plants known to survive in acidic environments (Stoltz et al., 2002). Plant establishment 
in mine impacted areas or sites with heavy metal contamination influences the 
bioavailability of the contaminants. Stoltz and Greger (2006) found that the establishment 
of plants in weathered and unweathered mine tailings increased the redox potential.  
2.2.3. Bacterial Communities 
 
Bacterial communities in wetlands are a diverse group. Facultative anaerobes, 
aerobes, and obligate anaerobes are all present as the saturated soils characteristic of 
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wetlands limits oxygen diffusion and forms an oxygen gradient (Gambrell, 1994). 
Without oxygen as a terminal electron acceptor, many bacteria in wetlands are able to 
utilize nitrate, ferric iron, manganic manganese, sulfate, and other oxidized materials as 
terminal electron acceptors (Gambrell, 1994).The wide variety of microbial metabolic 
pathways that generate energy, produce reducing power and fix carbon, leads to very 
different communities than found in upland soil (Gambrell, 1994). In addition to utilizing 
minerals for terminal electron acceptors, bacteria utilize metals, organic compounds, and 
oxides for cell growth.  
Bacteria have many methods to take in and use iron. Too much iron is toxic for 
bacterial cells and they must regulate its acquisition to prevent toxic doses (Wandersman 
& Delepelaire, 2004). They can change its oxidation state as a step in metal-dependent 
energy acquisition reactions. As most iron in the environment is in the insoluble ferric 
form, cells can secrete chemicals such as ferric dicitrate to obtain it (Cescau et al., 2007; 
Wandersman & Delepelaire, 2004). A principal process for iron uptake in low iron 
environments is through siderophores, which are small chemical compounds highly 
effective in chelating ferric iron (Wandersman & Delepelaire, 2004). Siderophores are 
highly effective and can extract ferric iron from mineral and organic complexes at 
extremely low concentrations of iron (Wandersman & Delepelaire, 2004). Heme is 
effectively chelated by many bacteria with proteins dubbed hemophores or by a family of 
heme acquiring proteins called HaS (heme acquisition system) (Cescau et al., 2007; 
Wandersman & Delepelaire, 2004).   
Some bacteria utilize iron in reduction-oxidation reactions in addition to using it 
in metalloenzymes. Gallionella spp., Ferrobacillus spp., and some Sphaerotilus spp. 
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utilize iron compounds to obtain energy (Manahan, 2010). During these processes, iron 
oxides can be formed and precipitate from solution. Iron oxidation is not the most 
efficient means of obtaining energy; therefore the accumulation of iron oxides from 
bacterial-mediated processes is relatively slow (Manahan, 2010). When analyzing 
microbial effects on iron oxidation, it can be difficult to distinguish between the role of 
abiotic processes and the role of bacteria-mediated oxidation or reduction. 
2.2.4. Wetland Plant Communities and Nutrient Uptake 
 
Wetland areas have particular soil and hydrology characteristics that contribute to 
the availability of nutrients for plants and the ability of any trapped contaminants to 
leach. Wetlands mostly have very slow water permeability, which decreases the leaching 
of any metal contaminants and strongly reducing conditions which favor immobilization 
(Gambrell, 1994). Compared to anaerobic conditions, aerobic conditions are more 
susceptible to leaching Cu, Ni, Pb, Cd, and Cr (Gambrell, 1994). Many wetland plants are 
capable of transporting oxygen from shoot to roots, which can create an oxidizing 
condition around the root (Gambrell, 1994). Increases in oxidation immediately around 
the roots of wetland plants can significantly alter the availability of ions. Increases in 
oxidation have been found to accompany increases in growth of marsh grass and result in 
decreases in soluble sulfide levels, thus decreasing metal sulfide precipitation (Gambrell, 
1994).  
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 Figure 1:Micronutrient content per plant cells in green algae Chlamydomonas, as an example of 
nutrient concentration in plant cells (Merchant, 2010).  Mg is required the most of all the metals and the 
other alkali metals are necessary at lower amounts. Fe is found in the 108 range for atoms per cell and is 
the most abundant of the transition metals. It is followed in abundance by Mn at less than 108 atoms per 
cell. (Reprinted with permission from Merchant, S. S. J. P. p. (2010). "The elements of plant 
micronutrients."  154(2): 512-515.). 
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Plants fix carbon from inorganic carbon dioxide in the atmosphere and uptake 
their other requirements for growth from soil and water. Sulfur, phosphorus, potassium, 
and nitrogen are taken up in large quantities and various metals are taken up to a lesser 
degree. Compared to sulfur and phosphorus, the micronutrient metals are less abundant 
by 10-10,000 fold (See Figure 1) (Merchant, 2010). When the micronutrients exceed their 
concentration required for plant health, they begin to have toxic effects. Plants use metals 
as micronutrients for a few key processes, but they typically do not require high 
concentrations in the soil. If Mg, K, Ca, and Na are not at high enough concentrations the 
plant will experience severe stress. Too low of concentrations of Fe, Mn, Zn, and Cu 
likewise induce signs of stress in plants, but these are required in lesser degrees than the 
alkali metal nutrients. A plant cell can contain 108 atoms per cell of Fe and a similar 
amount of Mn (Merchant, 2010). 
Approximately 80% of total iron in most plants is found in photosynthetic cells, 
where it is necessary for cytochromes and other heme molecules, chlorophyll, electron 
transport system, and Fe-S clusters in enzymes (Rout & Sahoo, 2015). Iron is a common 
cofactor in redox reactions necessary for oxygen production, serves as a structural 
component in enzyme systems; in proteins and enzymes is used in photosynthesis, 
chlorophyll synthesis, respiration, nitrogen fixation, uptake mechanisms, and DNA 
synthesis (Rout & Sahoo, 2015). It catalyzes many redox reactions while in its two 
common forms Fe2+ and Fe3+, and it can reduce or oxidize other compounds as part of an 
electron transfer chain (Rout & Sahoo, 2015). Metalloproteins found in mitochondria 
require iron to function and iron plays a role similar to magnesium in the porphyrin 
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structure of chlorophyll (Rout & Sahoo, 2015). Chloroplasts, in fact, contain as much as 
80% of the total iron found in a plant cell (Rout & Sahoo, 2015).  
 Iron at too high of concentrations spontaneously catalyzes reduction-oxidation 
reactions such as the Fenton reaction (see pg. 12) and can damage plant cells 
(Wandersman & Delepelaire, 2004; Rout & Sahoo, 2015; Klassen & Watkins, 2015). 
Plant cells store iron in special proteins called ferritins to prevent the Fenton reaction, and 
other organisms contain proteins that bind iron to protect their cells (Wandersman & 
Delepelaire, 2004; Rout & Sahoo, 2015). Fe-S proteins play a role in transporting iron so 
that it is not free within the cell and available to cause oxidation damage (Rout & Sahoo, 
2015). Too much iron has been shown to disrupt the even distribution of chlorophyll and 
result in chlorosis or yellowing of leaves and stems (Rout & Sahoo, 2015).  
Iron is typically unavailable in alkaline soil and is the third most limiting nutrient 
for plant growth in this situation (Rout & Sahoo, 2015). The insoluble ferric form is more 
common in the soil; to be available for organisms, it is reduced to ferrous form (Rout & 
Sahoo, 2015). In anaerobic conditions such as waterlogged soil, ferrous ions are at higher 
concentrations and are more abundant, which leads to toxicity (Rout & Sahoo, 2015).  
In most soil conditions, plants have to purposefully obtain iron. To obtain iron, 
plants use one of two strategies called Strategy I and Strategy II. Strategy I involves the 
acidification of the surrounding soil by releasing protons and Fe3+ reduction by 
membrane-bound Fe3+ chelate reductase (Rout & Sahoo, 2015). Low redox potential in 
water-logged soils can increase the concentration of soluble iron (Rout & Sahoo, 2015). 
Plants release phenolics to bring about chelation and reduction of inorganic Fe3+ (Rout & 
Sahoo, 2015). In Strategy II, plants, typically grasses, have a system of releasing 
 37 
phytosiderophores for chelating Fe3+ and then take up the complex (Rout & Sahoo, 
2015). These chelators are secreted into the rhizosphere and form complexes that are 
recognized by specific transporters in the roots (Rout & Sahoo, 2015). The 
phytosiderophores, though similar to bacterial and fungal siderophores, are distinct and 
belong to a class of compounds called mugineic acids (Rout & Sahoo, 2015). 
Like iron, manganese is a particularly essential micronutrient for plants. 
Manganese is vital in photosynthesis as a component of Photosystem II proteins 
(Mousavi et al., 2011). It is important in many oxidation and reduction reactions, as Mn2+ 
converts easily to Mn3+ or Mn4+ (Mousavi et al., 2011). It is an activator of more than 35 
different enzymes, including RNA polymerase (Mousavi et al., 2011). Manganese is a 
part of the enzyme superoxide dismutase, an important enzyme in deactivating free 
radicals (Mousavi et al., 2011).  
 High concentrations of manganese are toxic to plants as well as other organisms. 
In plants, the apparent effects are decreases in photosynthesis in the leaves, chlorotic 
dots, brown spots, and eventually necrosis (Mousavi et al., 2011). Manganese is taken up 
by plants in the divalent form, but too much manganese affects the uptake of iron and can 
cause iron deficiency (Mousavi et al., 2011). Iron deficiency results in other symptoms 
such as chlorosis, inefficiency at stabilizing chlorophyll, reduced yield, and stunted 
growth (Rout & Sahoo, 2015).  The effects are due to an uneven distribution of 
chlorophyll and a toxic accumulation of manganese granules in chloroplasts (Mousavi et 
al., 2011). The tolerance of high concentrations of manganese varies among plant species.  
Plants have poorly understood mechanisms for maintaining the appropriate level 
of micronutrients that could be toxic at too high concentrations. Some plants develop 
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ecotypes tolerant of contaminated environments, such as those with heavy metals 
(Cardwell et al., 2002). Typha and Schoenoplectus are more tolerant to heavy metals than 
other species (Cardwell et al., 2002). Typha angustifolia has been found to be tolerant up 
to 2,500 PPM of iron in its roots (Ghosh et al., 2014).  Typha appears to have an 
uncharacterized mechanism to exclude high concentrations of heavy metals in the shoot 
(Ghosh et al., 2014).  
2.3.1. Iron plaque Formation 
 
Iron oxides are the familiar rust build up that is associated with heavy iron loads. 
The precipitate formed will primarily depend on the dissolved oxygen content and the 
pH. The pH will also influence the ability of the precipitate to resolubilize. Metals are 
usually more mobile as pH decreases. The formation of metal oxides will also catalyze 
the oxidation of metals in solution. Manganese and iron oxides or hydroxides adsorb 
other cations to their surfaces and can remove them from solution with them (Bonneville, 
Van Cappellen, & Behrends, 2004; Ye, Cheung, & Wong, 2001).  
Precipitates of iron oxyhydroxides are commonly found at and below the 
waterline on submerged roots. If the roots are dry, the iron oxyhydroxides usually make a 
rust-colored dusty appearance on the roots. This formation is commonly called iron 
plaque (See Figure 2).Iron oxyhydroxides provide a surface to which other cations can be 
adsorbed (Ye, Cheung, et al., 2001).  
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A  B    
Figure 2:Iron plaque formation in and out of the water. A) Iron-plaque formation at waterline on cattail 
in the system. B) Cattail root before being dehydrated in the oven, showing outer layers of iron 
oxyhydroxides (iron plaque) Images: Elizabeth Cochran 
 
Other metals found in root tissue can be associated with iron plaque as they are 
co-precipitated with the iron oxyhydroxides (Cardwell et al., 2002). Manganese 
sometimes forms in plaques of manganese oxides on roots as well (Ye, Cheung, et al., 
2001). Iron oxyhydroxides trap trace metals, nutrients, and organic molecules as the 
oxyhydroxides exhibit large surface areas (Bonneville et al., 2004).  Zinc and copper co-
precipitate with iron plaque (Cardwell et al., 2002); Ye et al., 2001). This co-precipitation 
could cause Typha roots to accumulate more of other heavy metals than the leaves or 
rhizomes (Cardwell et al., 2002). This is supported by data for Typha spp., where the 
roots are found to accumulate the most metals (Cardwell et al., 2002). 
For many years, iron plaque formation was presumed to be of solely abiotic 
origin. Oxygen readily oxidizes Fe2+ to form ferric oxide compounds. At neutral pH, Fe2+ 
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is rapidly oxidized to Fe3+ by direct chemical processes (Manahan, 2010). More recent 
work has demonstrated that bacterial communities play a significant role in forming the 
iron plaque (Ghosh et al., 2014; Weiss, Emerson, Backer, & Megonigal, 2003). These 
bacteria communities are considered to be part of the rhizosphere of the plant. The 
rhizosphere is the term for the microenvironment that surrounds the roots of plants, 
consisting of microbial communities in symbiotic, commensal, and competitive 
relationships with the plant roots and organic substrates produced there. The iron plaque 
was observed under scanning electron microscopy and bacteria were found to be 
entrapped by the iron precipitate (Ghosh et al., 2014). Pseudomonas (P. jaduguda) was 
found to have the highest iron plaque formation rates compared to other rhizobacteria of 
Typha angustifolia (Ghosh et al., 2014).  Iron-oxidation/reduction is catalyzed by many 
groups of bacteria, often in a cycle among members of a community. The role iron-
oxidizing bacteria (FeOBs) and iron-reducing bacteria (FeRBs) have in a rhizosphere is 
not well understood. The iron-oxidation/reduction that occurs in a rhizosphere is a 
combination of abiotic and biotic processes (Ghosh et al., 2014). 
As iron plaque regularly occurs on plant roots and seemingly is due to FeOBs, the 
effect of the FeOBs on plant growth has received some attention (Ghosh et al., 2014; 
Weiss et al., 2003). Iron at too high of concentrations will react with phosphate to 
precipitate ferric phosphate, making this important nutrient unavailable to plants (Ghosh 
et al., 2014). Due to FeOBs’ oxidizing activities, FeOBs could promote plant growth by 
chelating the Fe3+ ion and freeing up phosphate (Ghosh et al., 2014). 
Iron-oxidizing bacteria have been shown to increase production of indole acetic 
acid (IAA), an important plant hormone that aids in their growth. Bacillus megaterium 
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JGR9 and Pseudomonas jaduguda JGR2  have been documented to increase IAA 
concentrations (Ghosh et al., 2014). The increased benefit of acquiring IAA could 
encourage plants to recruit iron-oxidizing bacteria. Ferrobacillus, Gallionella, and 
Sphaerotilus are known iron oxidizers, catalyzing Fe2+ to Fe3+ by oxygen in the following 
reaction:  
 
 Equation 8: 4Fe2+ + 4H+ + O2  4Fe3+ + 2H2O   (Manahan, 2010)  
 
FeRBs and FeOBs tend to occur in the plant rhizosphere. Their exact role is not 
defined or if there is a beneficial plant-bacteria interaction. Potentially, plants recruit 
bacteria that can chelate iron and therefore separate Fe3+ from ferric phosphate, and free 
up phosphate, to make it available for the plant (Ghosh et al., 2014). The presence of 
FeOBs may be due to the microclimate created by plant roots more so than the plant 
purposefully recruiting them. Typha’s rhizosphere has a higher level of oxygen due to 
radial oxygen loss, and oxygen leaving the root arenchyma. This increased oxygen level 
in the area closest to Typha roots along with higher levels of Fe2+ creates an ideal 
environment for FeOBs (Ghosh et al., 2014). In a remediation wetland, oxidizing bacteria 
would contribute to the precipitation of iron oxides.  
Bacteria present in the water could potentially solubilize iron oxides at a rate 
greater than they are formed. FeRBs can convert Fe3+ to Fe2+.  Under suboxic conditions,  
Fe3+ solids dissolve as the Fe3+ is reduced to Fe2+ (Bonneville et al., 2004). Fe3+ solids 
serve as terminal electron acceptors as organic matter is oxidized by iron reducing 
bacteria (Bonneville et al., 2004). Dissimilatory iron-reducing bacteria both oxidize 
organic matter or H2 and reduce iron oxides (Frederickson et al., 1998).  Pseudomonas 
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sp. 200 has been shown to reduce iron at high rates (Arnold et al., 1988). Shewanella spp. 
have been shown to perform dissimilatory reduction (decomposition of more complex 
substances into simple substances) of Fe2+ oxyhydroxides. S. putrefaciens can reduce 
Fe3+ oxyhydroxides when in direct contact with the solid iron compound (Bonneville et 
al., 2004). Geothrix fermentans and S. alga reduces Fe3+ oxyhydroxide (Hori et al., 
2015); (Bonneville et al., 2004).  A study by Hori et al. (2015) found five strains from 
Geobacter and one from Pelobacter to be iron reducers when they enriched for bacteria 
that utilize iron compounds for respiration.  
The rate of microbial reduction of Fe3+ oxyhydroxides is influenced by factors 
such as microbial community structure and biomass, type and quantity of Fe3+ 
oxyhydroxides, and sorption affinity between the oxide and the bacteria (Bonneville et 
al., 2004). Fe3+ oxyhydroxides vary in solubility based on specific surface area, 
crystallinity, and impurities (Bonneville et al., 2004). Amorphous ferrihydrite is more 
easily used by microorganisms, making it a prime electron acceptor (Hori et al., 2015). 
Fe3+ reduction rates appears to be inhibited by adsorption on the Fe3+ solid or the cell 
surface (Bonneville et al., 2004).  
 
2.3.2. Implications for Passive Mine Remediation 
  
Wetlands constructed for the purpose of passive mine remediation will have 
similar biological and geochemical interactions as a natural wetlands. Depending on if 
the goal of the remediation is to raise pH of the influent AMD or precipitate dissolved 
metals, the wetland biological and geochemical conditions may be advantageous, neutral, 
or detrimental to the desired outcome. Wetland plants may contribute to adsorption and 
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absorption of dissolved ions, but they could alter pH in undesirable ways, potentially 
acidifying the water and soil and releasing metals. Wetlands have pH and redox 
conditions that could remobilize metal contaminants that they are meant to trap 
(Humphries et al., 2017). Wetland plants could recruit or provide a microcosm for the 
colonization of microbial communities that inhibit or enhance the remediation process.  
 Plants found in remediation sites for toxic metals are often observed to have iron 
plaque on their roots (Ye, Cheung, et al., 2001).  Wetland plants are widely known to 
adsorb ions in their plaque and thereby trap contaminants, but these processes are 
reversible. Wetlands in temperate regions that undergo significant temperature and 
daylight regime changes due to season may exhibit significantly different remediation 
effects as vegetation dies off for the winter or the oxygen gradient changes with the 
temperature shift and microbial process shifts. Thus, inclusion of wetlands in an AMD 
remediation system may have a direct impact on the efficiency of the system. 
 
2.4 Lowber Passive Remediation System 
 
The Lowber Passive Remediation System in Westmoreland County has been in 
operation since 2004 to remediate coal mine drainage from the Marchand Mine, which 
closed in 1938. Lowber’s history as a mine started in 1870s when the Westmoreland Coal 
Company and Penn Gas Coal Company opened a shaft mine (datashed.org). This shaft 
mine was in operation until the early 1880s, when it was closed, until being reopened in 
1902. The Penn Gas Coal Company reopened the mine as a slope mine with new 
equipment that utilized steam power to operate the mine instead of manual labor. By 
using the improved technology, the mine produced over 320,000 tons of coal every year 
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and increased in production to 1913, when the mine produced 508,000 tons of coal. The 
mine was acquired by the Westmoreland Coal Company and renamed the mine Marchand 
Mine. During the 1920s, production slowed to approximately 250,000 tons of coal per 
year before being closed in 1938.  
After its closure in 1938, the drainage from the abandoned Marchand Mine soon 
began to discharge into nearby Sewickley Creek, which flows to Youghiogheny River.  
For over 50 years, the abandoned mine drainage discharged an average of 1800 gallons 
per minute. A heavy iron load built up in Sewickley Creek and dramatically affected 
local wildlife. By 2004, the community decided to mitigate the problem, and designed 
and constructed the Lowber Project as a passive remediation system. The remediation site 
consists of a conduit from the Marchand Mine to a small holding pond, before the AMD 
is conducted through 6 settling ponds and a constructed wetlands. The settling ponds are 
connected by troughs with saw-tooths to allow for greater aeration. As the water is 
aerated, iron-oxides are able to precipitate and no longer reach Sewickley Creek in high 
concentrations. Approximately 85% of the iron is removed by the aeration in the settling 
ponds and the remainder is trapped by the constructed wetlands as the water follows a 
serpentine path to the effluent. With this system, iron levels have dropped from 75 PPM 
to 2 PPM or less before reaching Sewickley Creek (www.datashed.org). The Lowber 
project is a circumneutral system. The incoming drainage to the first settling pond is 
measured very close to neutral pH of 6.3. The exiting drainage is more alkaline at 7.75 in 
pH by the time it exits the wetlands.  
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Chapter 3 Specific Aims and Hypotheses 
 
3.1 Rationale 
Passive coal mine remediation sites are constructed from component parts, 
depending upon the pH and contaminants in the AMD being treated. For example, 
settling ponds are used as a place for oxidized metals to precipitate, while vertical flow 
ponds are more commonly used to increase pH (Akcil & Koldas, 2006; Simate & 
Ndlovu, 2014). Many of the passive systems contain constructed wetlands as the last 
component before the water exits the treatment system. The wetlands are supposed to 
“polish” the water in the final stages before it flows back into the local watershed.  
Previously, it was shown that in the wetlands of the Wingfield Pines Passive 
Remediation System (Bridgeville, PA) random spikes of several different metals 
occurred throughout the year (Valkanas & Trun, 2018). Wingfield Pines (until its failure 
in 2017) treated circumneutral pH AMD with very high levels of iron and sulfate 
(Valkanas & Trun, 2018). The study by Valkanas & Trun documented spikes (higher 
concentrations relative to other seasons) in aluminum, barium, copper, lead, nickel, 
manganese, strontium, and zinc in the wetlands during the fall season.  Barium and 
manganese spiked in Pond 3 during the spring. Aluminum, copper, nickel, barium, and 
zinc spiked in Pond 3 during the summer. Iron and strontium spiked in the summer in 
Pond 1. Valkanas and Trun recorded spikes of manganese over 4 PPM in the Wingfield 
Pines System Pond 1 and the Influent and Effluent Wetlands points.  
To determine if metal resolubilization is a repeated occurrence in the wetlands of 
Passive Remediation Systems treating circumneutral pH AMD, the wetlands at the 
Lowber Passive Remediation System in Lowber, PA were studied. Lowber Passive 
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Remediation System treats coal mine drainage in southwestern Pennsylvania, in the 
county adjacent to where Wingfield Pines is located. Lowber has a constructed wetlands 
at the end of a series of settling ponds similar to Wingfield Pines’ construction. 
 
3.2 Specific Aims and Hypotheses 
 
Hypotheses 
Hypothesis I: Increases in iron and manganese levels will co-occur with seasons, 
increasing from summer to fall and decreasing from fall to winter in the wetlands. 
Hypothesis II: Manganese spikes will occur in the wetlands during the fall months. 
Hypothesis III: Biological communities (plant and bacteria) are responsible for seasonal 
changes in manganese and iron levels. 
Hypothesis IV: Iron plaque found on wetland plant roots resolubilizes during fall season 
to contribute to metal spikes. 
Specific Aims 
I. Determine if spikes in the concentrations of specific metals are found 
throughout the wetlands and if they vary by season 
Research Question: Do Mn and Fe increase in the fall or winter seasons 
relative to the summer levels?  
II. Determine if spikes in concentrations of specific metals occur in specific areas 
based on the plant or bacterial community present 
Research Question: Do constructed wetlands function as polishers to finish 
removal of contaminants? 
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III. Determine if bacteria from the Lowber System can resolubilize the metals in 
iron plaque in lab-based studies. 
Research Question: Does the wetland community of plants and microbes promote 
solubilization of metals? 
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Figure 3: Aerial view of Lowber Project. The six settling ponds are rectangular in shape and the 
wetlands area is a continuous circuit. https://earth.app.goo.gl/BDPRUh  
 
 
 
Table 2: Approximate areas of Lowber Project settling ponds and Wetlands determined by ArcMap 
analysis.   
POND  Area (m2) Area (ft2) 
Pond 1 2903.08 31248.50  
Pond 2 3300.26 35523.68  
Pond 3 3591.16 38654.93  
Pond 4 3493.40 37602.68  
Pond 5 4119.75 44344.59  
Pond 6 4304.71 46335.48  
Wetlands 28885.10 310916.52  
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Chapter 4 Materials and Methods 
 
4.1 Study Site Selection – Lowber Passive Remediation System 
 
The Lowber Passive Remediations System is located at 40.25° N 79.76 °W in 
Lowber, PA (Figure 3). The system treats circumneutral pH AMD that contains high 
levels of iron (72.65 PPM at the beginning), manganese (1.1 PPM), aluminum (0.21 
PPM), and sulfate (800-1100 PPM). Water flows into the system at 435.8 gal/min and 
flows out of the wetlands at 1878.1 gal/min. In one year the system treats 1,700, 841, 600 
gallons of water and reduces the load by 7,924,807  lbs. of iron, 241,174 lbs. of 
manganese, and 74,095 lbs. of aluminum (www.datashed.org). 
Twenty sites throughout the Lowber wetlands (Figure 4) were selected to measure 
manganese and iron levels and to determine if there are seasonal spikes. Sites were 
chosen so that they were evenly distributed through the system, but based on accessibility 
during the summer, which was impacted by growth of dense vegetation and depth of the 
water. Sites were always within 10 feet of the pond’s edge where they could be accessed 
with a sampling pole. The 20 sites include points that contained dense stands of 
vegetation, little vegetation and variations in rate of water flow (visually observed flow 
differences). Vegetation was either alga/photosynthetic bacteria mats or cattail stand. 
Variation in vegetation coverage was sampled (Table 3). The sites were visited 
approximately every two weeks within 3 meters of the spot indicated (Fig. 4). Flooding 
and wash-outs occurred in the summer months that knocked debris into the wetlands near 
locations that did not have any previously and flattened clusters of standing vegetation. 
These changes made it more difficult after a weather event to visually pinpoint locations 
of sampling sites, but all efforts were made to keep samples sites consistent.   
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4.2 Sample Collection at Lowber Passive Remediation System 
Sampling occurred approximately every two weeks (Figure 4). Field 
measurements of in situ water quality were taken for each collection of soil-slurry with a 
YSI Multi-Meter (calibrated monthly) for temperature, air pressure, dissolved oxygen, 
pH, specific conductivity, and conductivity (YSI Yellow Springs, OH, 2009). Soil-slurry 
samples were collected in 50 mL sterile plastic tubes and stored at 4º Celsius once 
transported to the laboratory and prior to analysis.  
Slurry samples were filtered through 0.45 m pore-size nitrocellulose filters 
(Merck Millipore Ltd., Cork, Ireland) to assess dissolved ion content. Filters were washed 
with 10 mL of 1X phosphate buffered saline (1X PBS) solution for future studies.  
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Figure 4:Sample Site locations in the constructed wetlands. Numbers begin with point 1 at the influent 
and end with point 20 at the effluent.  
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Table 3: Site Description for 20 Sampling Locations 
Sample Site Location and Vegetation Description 
1 Closest to the influent, rocky edge of system with stand of cattail on 
the bank 
2 Outer edge of cattail stand, floating stalkless plants in the summer 
3 No standing vegetation, only plant debris, under a shade tree along the 
bank 
4 No standing vegetation, only some plant debris, under a shade tree 
along the bank 
5 Algal mat with stray cattail and sometime plant debris 
6 Algal mat, wood debris, grass clumps on the bank 
7 Alga mat, cattail along bank with floating plant debris 
8 Dense stand of cattail with some algal mat 
9 Alga mat small clump of cattail along bank 
10 Outer edge of cattail stand, some alga 
11  Cattail stand and some grass, and some floating algal mat 
12 Dense cattail stand and floating algal mat/leaves 
13 Cattail stand, algal mat, floating leaves/ plant debris 
14 Edge of cattail stand, algal mat 
15 Grass on the edge of the bank, plant debris, under shade tree 
16 Algal mat, few grass clumps 
17 Dense cattail stand 
18 Dense cattail stand, alga also present, leaf litter 
19 Dense cattail stand, alga mat, floating leaves 
20 Cattail stand, alga, few grasses, edge near effluent 
 
4.3 Chemical Analysis 
 
Filtered water samples were analyzed spectrophotometrically (Genova 
Spectrophotometer, Jenway Ltd., Felsted, UK) in triplicate for dissolved iron, manganese, 
and sulfate (after August 2018) and values were compared to standard curves. The 
ferrozine method (Viollier et al., 2000) was used to measure dissolved Fe2+ and Fe3+. 
Manganese (Mn2+) was measured with the FAD assay to determine Mn2+ (Chiswell and 
O’Halloran, 1991). For sulfate, EPA method 375.4 (barium sulfate assay) was used. For 
sulfate, the samples were measured after 1/10 dilution as the concentration of the sulfate 
ions in all samples exceeded the limits of the spectrophotometer’s absorbance reading.  
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4.4 Root Bacteria Collection 
 
Cattail roots were retrieved from Sample Site 2 where distinct iron oxides were 
evident during the growing season at the water line and on the surface. The cattail roots 
were stored in new resealable plastic bags for transport and stored at 4 °C.  Roots were 
briefly rinsed in sterile nanopure water to remove large soil particles. Root sections were 
cut away from the main section of the cattail to fit in 50 mL sterile tubes. The root 
sections were immersed in sterile nanopure water and vortexed for 20 seconds to remove 
any remaining dirt particles. The vortexed root segments were immersed in 1XPBS and 
shaken for 2 hours at 200 rpm. This 1XPBS suspension of microbes was used in 
inoculation experiments. The 1XPBS suspensions were measured for absorbance on the 
spectrophotometer at OD 600 nm. The suspensions were diluted as necessary to 
standardize inoculums to an absorbance between 0.300 and 0.400. 
 
4.5 Iron-Plaque Root Preparation for Inoculation Experiments 
 
Root sections not used for inoculation experiments were dehydrated in an 80 °C 
oven for 6 hours. The iron-plaque roots were cut into 5 cm sections and weighed into 
0.05 g allotments. The 0.05 g allotments of iron-plaque roots were enveloped in filter 
paper and autoclaved for 30 minutes at 121°C and 15 PSI, and exhausted for 15 minutes. 
These allotments were used in the iron-plaque dissolution inoculation experiments. 
Microbial suspensions and iron-plaque root allotments were inoculated into Davis 
minimal broth (Difco Laboratories, Detroit MI). Microbial suspensions were inoculated 
at 0.1 mL of the suspension at an OD 600 at 0.3 -0.4 per 100 mL of media and 0.05 g of 
iron plaque roots were added. The broth cultures were inoculated +/- microbial 
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suspension and +/- the lid screwed on tightly. Bottles were incubated at room temperature 
(ranged from 18-25 °C). 
The experiment was performed in August, October-November, and November-
December with Davis Minimal media. In the August and October-November experiments 
in Davis minimal broth, 3 mL of the liquid was withdrawn and filtered with Whatman 
3MM paper in the August experiment and with 0.45 nitrocellulose filters (Merck 
Millipore Ltd) for the remaining experiments in order to measure dissolved Fe2+ and Fe3+ 
with the Ferrozine assay. In the November-December and February experiments, 8 mL of 
liquid was withdrawn to measure Mn2+ with the FAD assay in addition to Fe2+ and Fe3+.  
 
  
 55 
Chapter 5 Results 
 
5.1 Seasonal Studies 
 
Twenty samples were obtained approximately every two weeks in the wetlands 
during the summer months (June 7-Aug. 28; 7 samplings), the fall (September 11- 
November 20; 6 samplings), and winter months (December 4 – March 1; 6 samplings).  
To test if dissolved iron increased with dissolved manganese, both were measured at 
every site and compared to determine if increases relative to other points on that day co-
occurred. Measurements were made to see if total dissolved Fe spiked over the EPA limit 
of 1 PPM during the studies or if Mn2+ spiked over 4 PPM. Sulfate measurements were 
also made from the fall to winter months. Field measurements of in situ water quality 
were measured and dissolved oxygen compared to measurements of dissolved Mn2+ and 
total dissolved Fe. With these measurements, the aim was to determine if the Mn2+ and 
Fe increased during the seasons and if other water quality parameters affected these 
increases.  The settling ponds range in size from 2900.03 m2 (31,000 ft2) at Pond 1 to 
4304.71 m2 (46,000 ft2) at Pond 6. The wetlands covers over 28,000 m2 (310,000 ft2).  
5.1.1 Summer Results 
 
Samples were collected from June 6, 2018 to August 28, 2018 for the summer 
data set. Water temperatures ranged from 16.7 °C to 30.3 °C during the summer months. 
Measurements of pH ranged from 6.12 to 7.96 throughout the wetlands during the 
summer months (See Appendix for Tables per Sample Day).  
The quantity of dissolved iron in the wetlands during the summer was overall low 
and did not spike consistently (a spike is considered to be over 1 PPM). Dissolved Fe 
stayed below the EPA freshwater limit of 1 PPM except for two instances on June 20-21, 
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2018 (Figure 5). Sites 6 and 10 spiked over the limit at 1.940 at Site 6 and 1.151 for Site 
10. Sample sites were measured below 0.6 PPM on all occasions except for June 7 Site 
14; June 20-21 Sites 6, 9, and 16; and August 28 Site 9. At Sites 5, 6, 10, 11, 12, 16, and 
19, the highest measurements of the season were taken from June 20-21 samples, which 
is the only occasion when sites measured over 1 ppm. June 20-21 was a period of 
thunderstorms and much rain. Total dissolved Fe at all of the wetland points was 
consistently measured below 2.0 PPM during the summer months.  
Measurements of manganese at most sites did not exceed 2 PPM during the 
summer months (Figure 6). Samples from June 20-21 at points 2, 9, 14, 15, 20 exceeded 
4 PPM. The predominant value of dissolved manganese was less than 4 PPM and most 
sites were less than 2 PPM, which is a noted level for toxic symptoms under chronic 
exposure in drinking water. The occurrence of the few spikes over 4 PPM were random 
throughout the system, but were all found in June.  
Spikes of total dissolved Fe and dissolved Mn2+ throughout the summer were 
random and not connected. The highest instances of dissolved Fe (Sites 6 and 10) did not 
co-occur with spikes of dissolved Mn2+ (See Figures 5 and 6). 
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Figure 5:Total Fe Concentration at the 20 Sample Sites in Lowber Wetlands During Summer: Total 
dissolved Fe was measured three times per sample and the mean of these three is shown for each sample 
site from the seven sampling occasions. Black dashed line is EPA Freshwater Aquatic Life Limit—1 ppm. 
Blue dashed line is the EPA Secondary MCL for drinking water—0.3 ppm. 
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Figure 6:Dissolved Mn2+ concentrations at 20 Sample Sites in Lowber Wetlands During Summer: The 
mean of three measurements is shown for 7 sampling dates during the Summer. Blue dashed line is 0.5 
ppm the drinking water limit recommended by the WHO. Green dashed line at 2 ppm where adverse 
health effects have noted for chronic exposure. Red dashed line at 4 ppm where Valkanas and Trun 
identified spikes at Wingfield Pines. 
 
The medians for measured Fe and Mn was determined for each sampling day and 
the 20 sites compared to each other for increases over the median. Sites did not show 
increases over the median for Mn and Fe at the same rates. Sites 3, 4, and 20 had three or 
more instances where Mn was over the median and Fe only increased once or not at all. 
Sites 2, 5, 6, and 13 had four or more instances over the median for Fe while Mn at these 
sites was over the median three times or less.   
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Figure 7: Comparison of number of Mn levels over the median and number of Fe levels over the median 
per sample day.  Of the 7 sampling occasions, Sites 1 and 18 exceeded the median the most for Mn 
during the summer months and Sites 2 and 19 exceeded the median the most for Fe during the summer 
months. 
 
5.1.2 Fall Results 
 
Measurements of pH taken during the fall months ranged from 6.5 to 8.27. Water 
temperature ranged from 5.6 °C (Sites 8&9 November 20) to 23.6 °C (Site 7 October 9). 
All locations were lower than 3 PPM for measurements of Fe (Figure 8). Most were 
lower than 0.5 PPM. Sites 5-7 and 11-20 were lower than 0.5 PPM throughout the fall. 
Sites 1,2,3,4 and 9 saw spikes over 1 PPM on September 25 and October 9. Site 4 had the 
highest measurement of the season on September 25 at 2.934 PPM, but the other spikes 
were between 1.2 and 2.4 PPM. 
Mn measurements spiked several times over 4 PPM during the fall months, except 
for samples taken on September 11, early fall (Figure 9). The highest spikes were from 
Site 20 at 10.982 PPM and 9.670 ppm on September 25 and November 20 respectively. 
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Sites 2 and 3 spiked on October 9 and September 25 respectively, but most spikes 
occurred after Site 12. September 25 samples had the highest measurements of 
manganese for their respective sites at Sites 3, 5, 6, 7, 8, 9, 10, 12, 13, 14, 15, 16, and 20, 
all being higher than 2 PPM. Site 4 was consistently lower than the other sites, always 
measuring near or below 1 PPM.  
Spikes in Fe and Mn were seen in the samples from September 25, but did not 
usually co-occur. The Fe spikes occurred in Sites 3, 4 and 9, while the Mn spikes 
occurred in 3, 13, 14, 16, 17, 18, 20. October 9 showed Fe spikes at Sites 1, 2, and 9, 
while spikes occurred October 9 in Mn at Sites 2 and 18. The Mn spikes were clustered 
after Site 12. 
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Figure 8:Fall Total Dissolved Fe at Each of 20 Sample Sites: Value shown is the mean of three 
measurements. Black dashed line is EPA Freshwater Aquatic Life Limit—1 ppm. Blue dashed line is the 
EPA Secondary MCL for drinking water—0.3 ppm. 
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Figure 9:Concentration of Dissolved Mn2+ at the 20 Sample Sites in Lowber Wetland Points during the 
Fall: Values shown are the mean of three measurements per sample. Nineteen spikes over 4 ppm were 
seen during the Fall months. Blue dashed line is 0.5 ppm the drinking water limit recommended by the 
WHO. Green dashed line at 2 ppm where adverse health effects have noted for chronic exposure. Red 
dashed line at 4 ppm where Valkanas and Trun identified spikes at Wingfield Pines. 
 
The instances where Mn and Fe were higher than the median rarely occur 
together. Site 5 had one instance each for being over the median in Mn and Fe, and Site 
19 had 5 instances where both Mn and Fe were over the median. Most instances that 
occurred more than three times did not show Mn and Fe increasing over the median 
together. Most pronounced are Sites 15 and 18 where Mn measured over the median 3 or 
more times at these locations, but Fe only measured over the median once or not at all. 
Site 9 had 4 instances of Fe being over the median, but never had an instance of Mn 
being measured over the median for that day. 
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Figure 10:Comparison of the Number of occasions Mn and Fe were greater than the Median per sample 
day.  
 
5.1.3 Winter Results 
 
Winter data was collected from December 4, 2018 to March 1, 2019.  Water 
temperatures during this timeframe ranged from 0.6 °C (Site 12 February 13) to 8.4 °C 
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predominantly were lower than 0.2 PPM.  Overall the winter values of dissolved Fe were 
lower than those of the Fall. March 1 samples were higher than the other dates sampled at 
sites 1, 5, 6, 7, 8, 9, 10, 13, 14, and 15. 
Site 8 was the only spike for Fe on March 1 (Figure 11). No other Fe samples 
were spikes during the winter months. Mn spiked at Sites 14 and 18 on March 1. Sites 1, 
8, 11, 12, 13, 14, 15, and 19 were the highest relative to the other sampling days on 
March 1. March 1 samples exceeded 1 PPM at Sites 1, 2, 5, 7, 11, 12, 13, 14, 15, 18, 19, 
and 20.  
Manganese measurements were consistently lower than 4 PPM in Sites 1-13, 15-
17, and 19-20 (Figure 12). Site 14 spiked to 5.434 PPM on March 1. Every occasion 
except December 18 was a spike for Site 18, which had the highest spike of the Winter on 
January 28 at 8.063 PPM.  The highest levels of manganese per day were typically in the 
latter sections of the sampling sites (13-20), with only Site 6 exceeding 2 PPM of the 
sites in the beginning portion (1-12).   
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Figure 11:Total Dissolved Fe from 20 sample sites within the Lowber Wetlands during the Winter: 
Values shown are the mean of three measurements taken per sample with the Ferrozine assay. All but 
one value was lower than 1 ppm. January 28 does not have measurements for Sites 5, 8, 12,13, or 15 due 
to ice. Black dashed line is EPA Freshwater Aquatic Life Limit—1 ppm. Blue dashed line is the EPA 
Secondary MCL for drinking water—0.3 ppm. 
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Figure 12:Dissolved Mn2+ from the 20 Wetland Points During the Winter: Values shown are the mean 
of three measurements per sample. Six instances exceeded 4 ppm. January 28 measurements were not 
obtained for Sites 5, 8, 12, 13, and 15 due to ice. Blue dashed line is 0.5 ppm the drinking water limit 
recommended by the WHO. Green dashed line at 2 ppm where adverse health effects have noted for 
chronic exposure. Red dashed line at 4 ppm where Valkanas and Trun identified spikes at Wingfield 
Pines.   
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Figure 13: Winter comparison of the number of occasions Mn and Fe were greater than the median per 
sample day. 
 
Winter measurements of Mn spiked (6 times total) more frequently than the 
summer measurements (5 times total), but less than the fall (19 times total).  
Measurements of Fe were lower than Mn levels most of the time throughout the seasons. 
The most common occurrences of Fe spikes occurred during the fall (6 times) but only 
once during the winter and twice during the summer.  
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the per day value compared to the average. Some sample site locations were consistently 
lower than 3 PPM of Mn and some were consistently lower than 1 PPM of Fe.  
The study averages for each sample site ranged from less than 1 PPM to less than 
4 PPM. The highest average was at Site 18 (3.634 PPM) and the lowest average was at 
Site 4 (0.613 PPM) (Figures 17 & 31). Most increases over the site average occurred 
from September to November. Few increases over the average were seen in July or 
January (Figures 14-33).  
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Figure 14: Site 1 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average the most in August, September 
and October. 
 
Figure 15: Site 2 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average the most in June, August, 
September, October, and November. 
0
0.5
1
1.5
2
2.5
7-Jun 7-Jul 7-Aug 7-Sep 7-Oct 7-Nov 7-Dec 7-Jan 7-Feb 7-Mar
C
o
n
c
e
n
tr
a
ti
o
n
 o
f 
S
o
lu
te
 (
p
p
m
)
Timeframe (June 7, 2018-March 1, 2019)
Change in Concentration of Dissolved Mn 
and Fe Over Course of Study at Site 1
Dissolved Mn Total Dissolved Fe Average Mn Average Fe
0
1
2
3
4
5
6
7-Jun 7-Jul 7-Aug 7-Sep 7-Oct 7-Nov 7-Dec 7-Jan 7-Feb 7-Mar
C
o
n
c
e
n
tr
a
ti
o
n
 o
f 
S
o
lu
te
 (
p
p
m
)
Timeframe (June 7, 2018-March 1, 2019)
Change in Concentration of Dissolved Mn 
and Fe Over Course of Study at Site 2
Dissolved Mn Total Dissolved Fe Average Mn Average Fe
 70 
 
Figure 16: Site 3 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average the most in September, October, 
and November. 
 
Figure 17: Site 4 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average the most from August to 
October. Overall levels of Mn were lower than 1.5 ppm throughout the study. Fe increased over the 
average in September. 
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Figure 18: Site 5 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average the highest in September and 
October. January 28 was frozen and no sample was collected on that day for this site. 
 
Figure 19: Site 6 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average the most in September through 
December. 
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Figure 20:Site 7 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average the most from August to 
November. 
 
Figure 21:Site 8 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average in June, July, August, 
September and October. January 28 was frozen and no sample was collected on that day for this site. 
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Figure 22:Site 9 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average in June, August, September and 
October. 
 
Figure 23:Site 10 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average the most in September, October, 
and November. 
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Figure 24:Site 11 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average the most in June, August, 
September, October and November. 
 
Figure 25:Site 12 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average the most in August, September 
and October. January 28 was frozen and no sample was collected on that day for this site. 
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Figure 26: Site 13 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average the most in September and 
stayed over the average from October to January. January 28 was frozen and no sample was collected on 
that day for this site. 
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Figure 27:Site 14 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average the most in June, September, 
November, and March. 
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Figure 28:Site 15 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average in June, but remained below this 
level for most of the study, excepting late September where it spiked over 2 ppm. January 28 was frozen 
and no sample was collected on that day for this site. 
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Figure 29:Site 16 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average the most in September and 
October. 
      
Figure 30:Site 17 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average the most in September and 
October. 
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Figure 31:Site 18 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average from September to March. 
 
Figure 32:Site 19 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average in June and July, reached its 
highest points October and November. 
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Figure 33:Site 20 Levels of Dissolved Mn and Total Dissolved Fe from June to March. Mn levels were 
consistently higher than Fe levels. Mn increased over the study average the most in June, September, 
October, and November. 
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Differences between sample sites in total dissolved iron from the summer to the 
fall and winter varied among sites (Table 4). On average, the differences were negligible. 
Nine sites did not increase in total dissolved iron in the fall. Of those that did increase, 
seven increased by over a factor of 1.5x. Site 9 increased the most on average by 0.428 
PPM. The summer mean for Total Fe was 0.011 PPM lower than the fall mean. The 
average dissolved iron decreased from fall to winter with 14 sites showing an average 
decrease. The highest increase was at Site 8 by 0.223 PPM. 
Unlike Fe, Mn2+ tended to increase across the system from summer to fall (Table 
5). The mean difference from summer to fall was an increase by 1.251 PPM. A few sites 
were lower on average in the fall than the summer. Sites 1, 9, and 15 were all lower in the 
fall than in the summer but the mean for Site 20 was 4.467 PPM greater than the summer 
mean  
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Table 4: Seasonal Comparisons of Mean Total Dissolved Fe Concentration 
Sample 
Site 
Summer 
Mean 
Total Fe 
(ppm) 
Fall 
Mean 
Total Fe 
(ppm) 
Fall-
Summer 
Difference 
(ppm) 
Factor 
Difference 
(x) 
Winter 
Mean 
Total Fe 
(ppm) 
Winter -
Fall 
Difference 
(ppm) 
Factor 
Difference 
(x) 
1 0.166 0.412 0.246 2.5 0.102 -0.310 0.2 
2 0.228 0.499 0.271 2.2 0.225 -0.274 0.4 
3 0.156 0.259 0.103 1.7 0.007 -0.252 0.0 
4 0.110 0.496 0.386 4.5 0.002 -0.494 0.0 
5 0.173 0.032 -0.141 0.2 0.113 0.081 3.5 
6 0.319 0.054 -0.266 0.2 0.011 -0.043 0.2 
7 0.062 0.194 0.132 3.1 0.190 -0.004 1.0 
8 0.162 0.247 0.085 1.5 0.470 0.223 1.9 
9 0.179 0.607 0.428 3.4 0.061 -0.547 0.1 
10 0.215 0.338 0.123 1.6 0.091 -0.247 0.3 
11 0.065 0.073 0.008 1.1 0.094 0.020 1.3 
12 0.110 0.131 0.021 1.2 0.125 -0.006 1.0 
13 0.208 0.070 -0.138 0.3 0.182 0.112 2.6 
14 0.250 0.028 -0.222 0.1 0.160 0.132 5.8 
15 0.069 0.005 -0.065 0.1 0.031 0.026 6.7 
16 0.308 0.040 -0.268 0.1 0.005 -0.035 0.1 
17 0.094 0.096 0.002 1.0 0.017 -0.079 0.2 
18 0.265 0.038 -0.227 0.1 0.023 -0.015 0.6 
19 0.228 0.071 -0.157 0.3 0.100 0.029 1.4 
20 0.161 0.045 -0.116 0.3 0.002 -0.042 0.0 
Mean 0.176 0.187 0.011  0.101 -0.086  
*Gray highlights indicate decreases in the mean from previous season mean 
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Table 5: Seasonal Comparisons of Dissolved Mn2+ Concentration 
Sample 
Site  
Summer 
Mn2+ 
Mean 
(ppm)  
Fall 
Mn2+ 
Mean 
(ppm)  
Fall – 
Summer 
Difference 
(ppm) 
Factor 
Difference 
(x) 
Winter 
Mn2+ 
Mean 
(ppm) 
Winter -
Fall 
Difference 
(ppm) 
Factor 
Difference 
(x) 
1 1.080 1.072 -0.008 1.0 0.732 -0.340 0.7 
2 1.106 2.092 0.986 1.9 0.917 -1.175 0.4 
3 0.739 2.761 2.022 3.7 0.639 -2.122 0.2 
4 0.708 0.785 0.076 1.1 0.330 -0.455 0.4 
5 0.658 1.108 0.450 1.7 1.020 -0.089 0.9 
6 0.390 1.543 1.153 4.0 1.531 -0.012 1.0 
7 1.004 2.153 1.149 2.1 1.095 -1.058 0.5 
8 1.430 1.586 0.156 1.1 0.648 -0.939 0.4 
9 1.157 0.973 -0.184 0.8 0.415 -0.558 0.4 
10 0.359 1.508 1.149 4.2 0.317 -1.191 0.2 
11 0.537 1.428 0.891 2.7 0.530 -0.898 0.4 
12 0.753 1.820 1.066 2.4 1.287 -0.532 0.7 
13 0.424 3.804 3.379 9.0 2.648 -1.155 0.7 
14 0.926 3.159 2.233 3.4 2.561 -0.598 0.8 
15 2.886 1.516 -1.371 0.5 1.387 -0.129 0.9 
16 0.798 2.126 1.329 2.7 0.250 -1.876 0.1 
17 1.398 2.487 1.089 1.8 1.576 -0.911 0.6 
18 1.296 4.123 2.827 3.2 5.872 1.750 1.4 
19 1.376 3.537 2.161 2.6 2.479 -1.058 0.7 
20 1.286 5.753 4.467 4.5 1.574 -4.179 0.3 
Mean 1.016 2.267 1.251  1.390 -0.876  
*Gray highlights indicate decreases in the mean from previous season mean 
Manganese increased by 1.251 ppm on average in the Wetlands from summer to fall. 
Dissolved manganese decreased on average from fall to winter by 0.876 ppm.  
 
 
When considering each sampling date per season, the highest measurements of 
Mn were more spread out during the summer months than during the fall or winter (Table 
6). Sites 18, 19, and 20 were the most consistent sites counted in the top 3 highest 
measurements of Mn per day. Sites 2, 7, and 16 were counted high in the summer and the 
fall, but not the winter. Sites 13 and 14 were counted high in the fall and winter, but not 
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the summer. Sites 4, 10, 11, and 12 were never counted among the top 3 highest 
measurements for any day (Table 6).  
 
Table 6: Sites that were in the top 3 highest measurements of Mn per sample day  
Sample 
Site 
Location  
Summer Top 
3 Instances 
Fall Top 
3 
Instances 
Winter Top 
3 Instances 
1 1   
2 1 2  
3 1   
4    
5 1   
6   2 
7 2 1  
8 2   
9 1   
10    
11    
12    
13  2 3 
14  1 2 
15 2   
16 1 2  
17 3  1 
18 2 5 6 
19 2 2 2 
20 2 5 2 
Dark Blue Indicates sites that were high in Mn 5-6 times out of 6 sampling dates, 
Medium Blue indicates 2-4 times, Light Blue indicates 1 time, Gray color indicate points 
that never were in the Top 3 
 
 
5.3.1 Spike Correlations with other Parameters 
 
Field measurements of temperature, pH, and dissolved oxygen were also obtained 
per sample (Complete per site parameters in Appendix). Sulfate levels for samples 
obtained from September 11, 2018 to March 1, 2019 were plotted against dissolved Mn2+ 
and Total Dissolved Fe to determine if any trends were present (Figure 34). 
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Concentration of sulfate ranged from 64.3 PPM measured September 11 to 1274.3 PPM 
measured October 9.  Dissolved oxygen levels were plotted against dissolved Mn2+ and 
Total Dissolved Fe to determine if any trends were present for this measurement (Figure 
35).  
The highest measurements of Mn2+ were found when sulfate levels exceeded 400 
PPM. Most sulfate measurements exceeded 400 PPM throughout the seasons, but the 
lowest levels were measured predominantly on September 11, 2018 (see Figure C13 in 
Appendix). The highest measurements of Fe were also in the range of sulfate 
measurements over 400 PPM. 
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Figure 34:Concentration of Dissolved Mn2+ and Total Dissolved Fe vs. Concentration of Sulfate. Values 
shown are the mean of three measurements taken per sample from the 20 wetlands points from fall to 
winter. 
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5.3.2 Dissolved Oxygen 
 
Dissolved oxygen measurements were made in situ for slurries and compared to 
measurements of dissolved Mn and total dissolved Fe. Dissolved oxygen measurements 
were typically below 10 PPM, showing suboxic to anaerobic conditions. Some conditions 
were supersaturated such as some June 6 measurements (See Appendix for per sample 
Day graphs and measurements) that exceeded 10 PPM  and October 23 measurements 
that exceeded 10  and 20 PPM (Figure C16; see appendix for all figures). March 1 had 
some measurements of oxygen at the supersaturated level and one Mn spike in this range 
from Site 14. Most dissolved oxygen levels were below 100% saturation throughout the 
seasons and many sites that had low oxygen levels did not have high Mn measurements. 
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Figure 35:Concentration of Dissolved Mn2+ and Total Dissolved Fe vs. Dissolved Oxygen from All 
Samples: Most dissolved oxygen measurements were less than 10 PPM. The lowest measurements of 
dissolved oxygen did not always have the highest measurements of dissolved Mn. Spikes of Mn over 4 
PPM occurred at dissolved oxygen concentrations less than 10PPM. 
  
0
2
4
6
8
10
12
14
16
0 5 10 15 20 25
C
o
n
ce
n
tr
at
io
n
 o
f 
S
o
lu
te
 (
p
p
m
)
Dissolved Oxygen (ppm)
Concentration of Mn not predicted by Dissolved Oxygen
Dissolved Mn Total Dissolved Fe
 89 
5.4 Specific Aim II: The Role of Bacteria in Metal Resolubilization 
 
To determine if bacteria play role(s) in metal resolubilization, cattails with iron 
root plaque were collected from Site 2. Live bacteria were collected from around the 
roots of cattails that had iron plaque. Roots with iron plaque were dried, weighed and 
autoclaved. Bacteria were collected on June 7, September 25, November 20, January 3 to 
be used in the experiments. The bacteria were mixed with sterile iron-root plaque and 
incubated in vitro at room temperature in David Minimal Media (See Table 7 for set-up). 
Dissolved Fe2+ and Fe3+ were measured every 1-5 days for between one and three weeks 
(See Figures 36-41). Bottles containing nanopure water with iron-plaque root were 
inoculated with and without bacteria for controls.  
The nanopure water with or without bacteria had minimal effect on dissolved iron 
(Figure 36). Changes in the levels of dissolved Fe2+ and Fe3+ were found in the media 
inoculated with bacteria (Figures 36-37, 41). Little variance was seen in the samples that 
did not contain bacteria.   
Table 7: Iron-plaque Root Inoculation Set-ups 
Water + Iron-Plaque Root -Bacteria Water + Iron-Plaque Root + Bacteria 
Oxic Media + Iron-Plaque Root -Bacteria Oxic Media + Iron-Plaque Root + 
Bacteria 
Suboxic Media + Iron-Plaque Root- 
Bacteria 
Suboxic Media + Iron Plaque Root + 
Bacteria 
Blank Minimal Media  
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The experiment that included the June 7 bacteria showed the most pronounced 
changes in dissolved Fe (Figures 36-37). Day 0 and 1 showed low levels of Fe2+. Fe2+ 
peaked on Day 4 in Oxic growth at 1.999 PPM and suboxic growth at 1.728 PPM. Fe3+ 
levels were all lower than 0.5 PPM on Day 1. The samples with and without bacteria 
were under 0.3 PPM throughout the experiment. The highest measurements were on Day 
4 in suboxic growth at 2.208 PPM and Day 6 oxic at 1.959 PPM. 
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Figure 36:Changes in Fe2+ concentrations in samples with iron plaque and root bacteria incubated in 
Davis Minimal Media at room temperature. Values shown are the average of two experiments assayed in 
triplicate.. Error bars indicate standard deviation.  
 
 
Figure 37:Changes in Fe3+ concentrations in samples with iron plaque and root bacteria incubated in 
Davis Minimal Media at room temperature. Error bars indicate standard deviation.  
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Dissolved Fe2+ was lower than 0.20 PPM throughout the experiment for all 
samples with bacteria collected on September 25, 2018 (Figure 38). Resolubilization of 
Fe to Fe2+ did not occur. More change was seen in dissolved Fe3+ than dissolved Fe2+. 
Samples with bacteria in both the oxic and suboxic conditions showed increased Fe3+ 
concentrations over time with some variation at the later time points (Figure 39). Oxic 
conditions without bacteria on Day 0 measured at 2.5 PPM, but decreased over time. 
Days 2, 3, and 6 had the highest measurements in oxic conditions and suboxic conditions 
inoculated with bacteria.  
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Figure 38:Changes in Fe2+ concentration with inoculations with iron plaque root with and without root 
bacteria at room temperature: Values shown are the average of two experiments measured in triplicate 
with the Ferrozine assay. Error bars indicate standard deviation. 
 
 
Figure 39: Changes in Fe3+ concentration with inoculations with  iron plaque root with and without root 
bacteria at room temperature: Values shown are the means of three measurements made with the 
Ferrozine assay and average of two experiments under that treatment. Error bars indicate standard 
deviation. 
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Fe2+ was measured lower than 0.40 PPM throughout the experiment with bacteria 
inoculated with root bacteria from November 20, 2018 (Figure 40).  Fe essentially did not 
reduce, but total Fe  was detected over 1.0 PPM on Day 6 in media inoculated with root 
bacteria (Figure 41). Day 2 Oxic media had the highest measurement of Fe but all Day 2 
measurements were lower than 0.5 PPM. Day 6 through Day 15 saw increases in the 
suboxic media inoculated with bacteria. The oxic media peaked at Day 6 and then 
decreased to Day 15. The media that were not inoculated with bacteria peaked on Day 15 
to 1.098 PPM after staying closer to 0.5 PPM through Day 10. The uninoculated media 
was lower than the inoculated media throughout the experiment until Day 15 when the 
oxic media inoculated with bacteria dropped below the other media.  
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Figure 40: Changes in Fe2+ concentration with inoculations with iron plaque root with and without root 
bacteria at room temperature: Values shown are the average of two bottles measured in triplicate with 
the Ferrozine assay. Error bars indicate standard deviation.  
 
Figure 41:Changes in Total Dissolved Fe Concentration with Time in inoculations with Iron-plaque 
Root and Root Bacteria: Values shown are the combination of Fe2+ and Fe3+ measurements made in 
triplicate with the Ferrozine assay and the average of both bottles. Total Fe shown as Fe2+ was lower 
than 0.5 PPM and most is Fe3+.  
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Chapter 6 Discussion 
 
6.1 Specific Aim I: Seasonal and Site Variations in Mn  
 
Constructed wetlands are frequently built at the end of remediation projects or as 
the principal mode of remediation for mine drainage and other leachate. The Lowber 
Passive Remediation System is one example of this arrangement. When the system was 
constructed, measurements of contaminants entering and exiting the system were made. 
The individual components of the system were not assessed individually. My study 
analyzed individual points within the wetlands component of this system to determine if 
distinctions were evident. My analysis of the water quality demonstrate that the wetlands 
are a series of microcosms and not a monolithic habitat.  
Iron, the principal contaminant that the Lowber System is intended to remediate 
appears to be effectively removed as the AMD passes through the system. Iron levels 
were consistently measured below 1PPM, the EPA limit for freshwater. Only two spikes 
over this limit were found in the summer, six during the fall, and one in the winter. As 
these spikes did not occur at the effluent, the overall removal of iron appears to be 
complete before the water is released into the local creek. Wetland systems often lose 
efficiency over time as substrate is clogged with metal oxyhydroxides (Skousen et al., 
2017). Based on this study, this decrease in efficiency of iron remediation is not 
occurring at Lowber. 
Measurements of the wetlands slurry samples showed distinctions in the levels of 
dissolved Mn2+ and total dissolved Fe between the summer, fall, and winter seasons. 
More Mn spikes (nineteen in total exceeding the 4 PPM) occurred in the fall than in 
either summer or winter. Fall levels of total dissolved Fe and Mn2+ were consistently 
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higher than summer or winter levels. The average of total dissolved Fe per sample site in 
the summer ranged from 0.013 PPM (Site 3) to 0.319 PPM (Site 6). Fall averages of 
dissolved Fe ranged from 0.005 PPM (Site 15) to 0.607 PPM (Site 9). Winter averages of 
total dissolved Fe ranged from 0.002 PPM (Sites 20 &4) to 0.470 PPM (Site 8). Summer 
measurements of Mn were the lowest, ranging from 0.359 PPM (Site 10) to 2.886 PPM 
(Site 16), with ten sites averaging less than 1 ppm. Fall averages of dissolved Mn per 
sample site ranged from 0.785 (Site 4) to 5.753 (Site 18), with eighteen sites averaging 
over 1 PPM. The winter averages of measured Mn per sample site ranged from 0.250 
PPM (Site 16) to 5.872 PPM (Site 18) with nine sites averaging under 1 PPM. Most 
winter measurements were lower than the fall measurements, indicating a fall-related 
effect on the Mn spikes.  At each site, Mn increased over the site average in the fall 
months, particularly in September-October, at all locations. Site 15 only increased 
slightly over the average on one occasion (Figure 28) during the fall unlike the other sites 
which increased substantially and repeatedly in the fall.  
More Fe was detected in the fall than in either the summer or winter, but these 
measurements and variation were not as high or as pronounced as Mn. Fe levels 
increased slightly over the average per site and did not follow the increases in Mn 
consistently.  The most predominant Mn spikes from points 13-20 did not increase over 
the average when Fe did. The lack of co-occurrence between Mn and Fe levels does not 
support the original hypothesis that iron-plaques or iron-oxide/hydroxides 
resolubilization leads to increased levels of Mn as would be expected if the Mn was 
absorbing to the iron oxides or iron hydroxides. Some cases where Fe and Mn were both 
relatively high at the site is likely due to another factor such as anaerobic conditions and 
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coincidental pockets of specific groups of bacteria such as iron reducing bacteria (FeRB) 
and manganese reducing bacteria (MnRB).  
These spikes in Mn during the fall were consistent with those noted by Valkanas 
and Trun (2018) at the passive remediation system in their study at Wingfield Pines in 
Bridgeville, PA. Fall spikes suggest a connection to organic matter decomposition that 
occurs in this season to increase carbon sources which are utilized by bacteria. As 
bacteria consume carbon, oxygen is depleted and anaerobic conditions prevail. Reducing 
bacteria that can act on these metals often require anaerobic conditions.  
Mn was also found to increase in the areas with more vegetation than others. Site 
18 showed the highest levels of Mn in the fall and winter most consistently and is a dense 
stand of cattail with soil that is very rich in organic matter (Figure 42). Organic matter 
released by plants into their surroundings can trap soluble metals, but the majority of Mn 
spikes occurring where organic matter was present along with plant roots potentially 
indicated a connection to organic matter decomposition.  
 
Oct. 23  Nov. 20   
Figure 42:Site 18 October 23-November 20, 2018: The cattail shifted from actively growing to dying off 
for the winter. Plant debris also rested in the water. Both Images: Elizabeth Cochran 
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The three sites which consistently were measured the highest for Mn per day in all 
seasons were 18, 19, and 20, which have dense stands of cattail, though Site 20 is more 
on the outside of the stand. Additionally, the spikes over 4 PPM routinely occurred in the 
areas with the most cattails, excepting Sites 3 and 16, which are dominated by detritus at 
Site 3, and by a submerged alga mat at Site 16. Sites 3 and 16 only spiked on one 
occasion during the fall. Sites 10, 11, and 12 did not show spikes, but they are dominated 
by cattail. These sites are near each other and on the outer edge of the second to last 
curve before the water reaches the effluent from the system. Site 15 on June 7, which had 
the highest measured value of Mn from the entire study, had a small cattail stand at the 
site until after June 20 when significant rains caused flooding and the stand was shifted 
and flattened, making the site essentially free of standing vegetation for the remainder of 
the study. For the remainder of the study, it did not show spikes in Mn.  
Studies on Mn removal in different systems has shown uncertainty to what leads 
to its removal. Clyde et al. (2016) observed Mn retention in a peat biofilter, but the 
retention ceased over a long period, leading to incomplete removal. Mn has been found to 
be removed at rates greater than 90% when some plant species are planted in wetlands in 
monoculture (Marchand et al., 2010). Reeds, sedge, poplar, osier, loosestrife, sweet flag, 
iris, and horn tail have all been identified with high rates of Mn removal, and cattail has 
in the first 2 years of operation (Marchand et al., 2010; Ye, Whiting, Lin, et al., 2001). A 
study of constructed wetlands designed to treat coal combustion byproduct leachate in 
Pennsylvania (Ye et al., 2001a) showed removal of Fe and Mn in the first two years of 
operation at a remediation site for coal mine drainage. Most of the metal was trapped in 
the sediments and small amounts of metals were found in aboveground tissues of plants, 
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with more metals trapped in the cattail litter. Mn was not found to be trapped at greater 
amounts in the cattail litter in the study. Ye et al. (2001b) also studied a 10-year old 
constructed wetland that treated heavy metals in coal ash leachate in Alabama. After 10 
years, this site constructed with cattail and Juncus effusus (soft rush) still showed 
efficiency in removal of Fe, but a decrease in removal efficiency of Mn (Ye, Whiting, 
Qian, et al., 2001).  
Other research has shown metal concentrations to peak in the fall months in 
constructed wetlands. Xu & Mills (2018) saw increases in Cu and Zn in the month of 
October at the constructed wetland they studied in South Carolina. The fall trend 
indicates a relationship to the seasonal die-back of summer vegetation. Metals associated 
with plant tissues are more likely to be released under decomposition conditions and be 
detected at higher levels. Any plant uptake of metals, namely the micronutrients Fe and 
Mn, will be halted as the active growing season languishes. The overall uptake of metals 
is not thought to be the most significant contribution to trapping metals in planted areas 
(Marchand et al., 2010). The role of plants in trapping metals is potentially more 
connected to the plant-derived organic matter associated with them (Marchand et al., 
2010). Organic matter production and releases from plants would be slowed with 
seasonal shifts to cooler temperatures as plants photosynthesize less. Organic matter 
oxidation has been found to be coupled with iron and manganese reduction (Lovley & 
Phillips, 1988). Organic matter oxidation during the fall could outpace the production of 
organic matter and as it is oxidized both Fe and Mn could enter solution.  
We found a correlation between sulfate concentrations and Mn spikes. No spikes 
in Mn occurred below 400 PPM of sulfate, but low measurements of Mn were still found 
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at high levels of sulfate as well, indicating a second factor is connected to the 
solubilization of Mn. Both sulfur oxidation and reduction could be coupled with Mn. In 
the low Mn levels (less than 4 PPM), sulfate was also low, which could be associated 
with sulfur reducing bacteria. The Mn spikes occurring when sulfate was high suggest an 
association with sulfur oxidizing bacteria which are oxidizing sulfides and releasing the 
Mn and other heavy metals.   
Xu and Mills (2018) observed substantial consumption of sulfate in wetlands 
during the warmer months of their study, which they thought to be connected to 
anaerobic degradation of organic matter by SRBs slowing down as weather cooled (Xu & 
Mills, 2018). Plants are also taking up sulfur during the warm growing months and 
making it less available in the water during this time (Xu & Mills, 2018). As sulfate is 
less likely to be reduced during cool months, metal-sulfide minerals decrease and cannot 
efficiently remove dissolved metals (Xu & Mills, 2018). Sulfur reduction to form metal 
sulfides is an effective mode of removing Mn. Mn was found to be removed up to 80% 
by a SRB reactor in the study by Clyde et al. (2016). Under reducing conditions, sulfate 
reducing bacteria such as Desulfovibrio spp. can reduce sulfates to sulfides which then 
are able to react with metals and form insoluble metal sulfides, which are more stable 
than metal oxides (Marchand et al., 2010).  
Under oxidizing conditions, sulfate is not likely to be reduced and therefore, it 
will not form sulfides with metals. Instead sulfur oxidizing bacteria (SOBs) are more 
likely to dominate in the microbial community. Sulfur-oxidizing bacteria such as 
Sulfuricurvum, Rhodobacter, and Sulfuritalea were found at elevated number in fall 
samples sequenced by Valkanas and Trun from the Wingfield Pines study, which showed 
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Mn spikes (2018). Sulfur oxidation would be coupled with a release of metals previously 
bound to sulfides. Sulfur oxidizers have ideal conditions in the wetlands. For example, 
the SOB Sulfuricurvum grows anaerobically and microaerobically by oxidizing sulfides, 
thiosulfate, elemental sulfur and hydrogen (Kodama & Watanabe, 2004).  Under these 
conditions (anaerobic or microaerobic) which abound in the wetlands, sulfur-oxidizing 
bacteria could play a role in re-solubilizing Mn or other metals bound to sulfides. 
Season-related decreases in sulfate reduction could combine with the fact that Mn 
is more readily solubilized than other metal-sulfides and exist as Mn2+ in solution when 
other metals may precipitate (Zhang & Cheng, 2007). This characteristic of Mn could 
make it more susceptible than other metals to resolubilzation under sulfur oxidizing 
conditions. The Mn spikes occurring in the higher (>400 PPM) range of sulfate 
measurements in Lowber Wetlands do not correlate with sulfate measurements made at 
Wingfield Pines by Valkanas and Trun (2018), where measurements did not exceed 340 
PPM. More sulfate passes through the Lowber System than Wingfield Pines, which could 
enhance sulfur cycling in the system.  
Mn resolubilization and its ability to form manganese oxides is dependent on the 
availability of dissolved oxygen. In the Lowber wetlands, dissolved oxygen levels are 
mostly below 9.03 PPM (oxygen level at 100% saturation at 20 °C at sea level).  In 
streams and lakes (at the surface) 10 PPM of oxygen is considered healthy; this value 
fluctuates with temperature and air pressure (Pearlman, 2017). The dissolved oxygen of 
the wetlands throughout the system was generally below 10 PPM and lower than 
saturated conditions in most locations. Occasionally, some places were measured to be 
supersaturated with oxygen throughout the seasons, exceeding 10 PPM.  
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Oxygen levels tended to be lower than 9 PPM when Mn spiked over 4 PPM. In 
one instance on June 20 (Site 2), Mn spiked over 4 PPM and dissolved oxygen measured 
at 9.15 PPM, but this was the only instance. The presence of dissolved oxygen likely 
prevents reduced Mn2+ from entering solution as Mn will form oxides, and these oxides 
will catalyze additional oxide formation (Manahan, 2010). MnRB are mainly anaerobic 
and would be able to reduce manganese at the lower oxygen conditions. Manganese 
spikes over 4 PPM in the fall tended to occur at levels of oxygen less than 5 PPM, which 
would support the reduction of Mn (See Appendix for Fall graphs of oxygen). 
Sites with the highest dissolved oxygen measurements typically did not have the 
highest occurrences of manganese. Sites 6, 9, 15, and 16 had the highest number of 
measurements over 10 PPM and were usually low in Mn measurements. These sites are 
not characterized by dense stands of cattail. Site 6 was on the edge of a bank, where 
mostly detritus collects and mixes with alga. Site 9 was on the outside edge of a small 
clump of cattail and mostly surrounded by submerged alga and other submerged plants. 
Site 15 was typically in the shade of a tree during the growing season and is mostly 
characterized by debris and detritus and some algal mat. Site 16 was characterized by a 
rather dense alga mat and not standing vegetation. The supersaturated oxygen conditions 
point to alga, cyanobacteria, or submerged plants actively photosynthesizing and 
releasing oxygen into the surrounding water.  
Acidic soil and water conditions can cause metals to go into solution. Mn does not 
readily form oxides at pH below 8 (Zipper et al., 2018). During the summer, the average 
pH was slightly more acidic and individual sites were measured at a pH closer to 6, while 
the fall and winter measured pH more neutral or alkaline. Some points exceeded pH 8. 
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The summer months trending towards slightly more acidic pH corresponds with the 
activity of plants in the wetlands during this active growing season, as plants tend to 
acidify their surroundings to obtain bound micronutrients from soil particles via cation 
exchange (Manahan, 2020). Decreases in pH, however, did not correlate with higher 
concentrations of dissolved metals, as may be expected (Manahan, 2010). The date with 
the most acidic measurements (August 3) did not have any Mn spikes or Fe spikes. All 20 
August 3 samples all measured Mn 2+ below 2.1 PPM and most measured below 1 PPM.  
Increases in Fe and Mn could be related to precipitation events, which varied 
significantly from sampling date to sampling date. June 20-21 had a thunderstorm, which 
prevented the completion of sample collection to be finished on June 20. Sampling was 
reconvened on June 21. This sampling date is when most Mn and Fe spikes occurred in 
the summer. The increased levels of metals could have been affected by drainage from 
the area surrounding the system and greater quantities of metals flowing through the 
system during the storm. These conditions may be atypical of the system as a whole, but 
may represent what can happen during heavy precipitation, which occurs frequently in 
Pennsylvania. 
 
6.2 Specific Aim II: Iron Resolubilization of Iron 
 
Wetlands bacteria inoculated into media along with iron-plaque root consistently 
showed changes in Fe2+ and Fe3+ relative to the uninoculated samples. The bacterial 
communities collected on different days affected the amount of Fe resolubilization. 
Bacteria from June 7, 2018 sampling showed the greatest ability to resolublilize Fe. No fe 
resolubilization to Fe2+ was seen for bacterial communities collected on Sept. 25 and 
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Nov. 20, 2018. Identification of which bacterial genera are present in these three samples 
will provide invaluable data on which bacteria are responsible for Fe resolubilization 
(increased Fe2+ levels). 
 
6.3 Future Directions 
 
This study provides a framework for further studies to determine if factors such as 
bacterial communities, vegetation, carbon content, flow rate, or weather patterns are the 
driving force for metal bioavailability. 
The correlation of vegetation variation to Mn spikes should be more 
systematically tested with an equal number of slurry samples taken from cattail-dense 
stands of vegetation and submerged alga and plant mats. Slurry samples could be taken 
from the rhizosphere and then increasingly distant radiating away from it and tested for 
the ions’ presence. 
 Inoculations with known SOBs into drainage water under neutral microaerobic or 
anaerobic conditions could test the ability of SOBs to re-solubilize metals. Molecular 
tests of soil samples could determine the microbial families present during instances of 
Mn spikes and assess the number of sulfur-oxidizing or metal-reducing genera. 
Flow rate for each location could explain some of the changes in concentration as 
increased flow rate decreases the length of time that a solute can reside in an area. As 
flow rate decreases, solute movement is slowed and can concentrate; however, this study 
did not determine flow rate for individual sites or flow rate per sampling day. Either 
vegetation coverage or flow rate could be an indicator of the likelihood of metal spikes. 
 106 
Organic matter content could also be measured to determine if a correlation is 
present as organic matter provides sorption sites for microorganisms and can adsorb or 
chelate metals (Skousen et al., 2017). Organic compounds are released from vegetation, 
and a correlation with vegetation and metal resolubilzation could be related to the organic 
compound content.  
The iron plaque root experiments should be repeated in different media and 
varying conditions. Preliminary studies in M63 media showed potential for measuring 
Mn resolubilization along with Fe. The experiment could be repeated under different 
temperature conditions or at different pHs to further test the ability of root bacteria to 
resolubilize metals. Using better defined constituents for the ferric iron source would also 
allow for more precise quantification of iron reduction and resolubilization. 
 
6.4 Conclusions 
 
Increases in Mn levels were found at the constructed wetlands at the end of the 
Lowber Passive Remediation System. These spikes were associated with increased levels 
of sulfate. Root bacteria from the wetlands resolubilized iron during in vitro studies. 
Constructed wetlands are complex in their geochemistry and biological communities. 
Their ability to mitigate contamination is affected by rate of flow, amount of oxygen, and 
these biological communities. As this study indicates, changes in these parameters can 
routinely occur and affect the ability of the system to function. 
 Most studies of plant effects on metal removal study them in monocultures 
(Marchand et al., 2010). Constructed wetlands are often planted in monoculture as well, 
which does not account for synergistic effects of a community. Bacteria cycling cations 
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and anions for redox reactions and in symbiotic relationships with plants can directly 
affect the efficiency of heavy metal removal. This study demonstrates the need to further 
research if these effects are inhibiting or promoting the metal removal. 
According to a 1994 estimate, abandoned and unrestored metal and coal surface 
mines cover an area the size of the state of Indiana (Smith, 2018). These areas constitute 
a substantial source of pollution and degradation for the U.S. water supply and 
particularly in Pennsylvania. Underground shaft and slope mines number in the 
thousands. These areas will continue to be potential hazards for many generations to 
come, impacting the water and land humans depend on for living. Discovering the best 
methods to mitigate these hazards and even recover resources will be of great benefit to 
the state of Pennsylvania and the rest of the United States where abandoned mines 
abound.  
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Appendices 
Appendix A:  Photos of Sample Sites: Months September-March 
 
Site 1 
Sept. 25  Oct. 23                                     
Nov. 20     Dec. 18                                           
Jan. 3    Mar. 1  
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Site 2 
Sept. 25   Oct. 23   
Nov. 20   Dec. 18                                                      
Jan. 3         Mar. 1  
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Site 3   
Sept. 25   Oct. 23                                  
Nov. 20   Dec. 18                                      
Jan. 3       Mar. 1  
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Site 4 
Sept. 25     Oct. 23                                              
Nov. 20     Dec. 18                                                                
Jan. 3         Mar. 1   
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Site 5 
Sept. 25   Oct. 23                                                         
Nov. 20    Dec. 18                                           
Jan. 3           Mar. 1  
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Site 6 
Sept. 25    Oct. 23                                             
Nov. 20     Dec. 18                                                               
Jan. 3         Mar. 1  
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Site 7 
Sept. 25  Oct. 23                                               
Nov. 20     Dec. 18                                           
Jan. 3        Mar. 1  
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Site 8 
Sept. 25     Oct. 23                                             
Nov. 20    Dec. 18                                              
Jan. 3     Mar. 1  
 120 
Site 9 
Sept. 25   Oct. 23                                                     
Nov. 20    Dec. 18                                                   
Jan. 3           Mar. 1  
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Site 10 
Sept. 25   Oct. 23                                                              
Nov. 20  Dec. 18                                                     
Jan. 3     Mar. 1  
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Site 11 
Sept. 25  Oct. 23                                                       
Nov. 20   Dec. 18                                           
Jan. 3     Mar. 1  
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Site 12 
Sept. 25   Oct. 23                                                                 
Nov. 20   Dec. 18                                      
Jan. 3      Mar. 1  
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Site 13  
Sept. 25   Oct. 23                                        
Nov. 20   Dec. 18                                             
Jan. 3       Mar. 1  
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Site 14 
Sept, 25   Oct. 23                                              
Nov. 20   Dec. 18                                      
Jan. 3  Mar. 1  
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Site 15 
Sept. 25   Oct. 23                                          
Nov. 20   Dec. 18                                  
Jan. 3     Mar. 1   
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Site 16 
Sept. 25   Oct. 23                                   
Nov. 20    Dec. 18                                    
Jan. 3      Mar. 1  
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Site 17 
  Sept. 25   Oct. 23                                                    
Nov. 20                                                                                                   
Jan. 3        Mar. 1  
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Site 18 
Sept. 25    Oct. 23                                                  
Nov. 20   Dec. 18                                                          
Jan. 3      Mar. 1  
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Site 19 
Sept. 25   Oct. 23                                                       
Nov. 20  Dec. 18                                                             
Jan.3       Mar. 1  
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Site 20 
Sept. 25    Oct. 23                                             
Nov. 20     Dec. 18                                                      
Jan. 3      Mar. 1  
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Appendix B: Summer Data: Dissolved Fe, Mn, and  Field Measurements  
 
 
Figure B1: Concentration of Soluble Iron from 20 sample locations June 7
 
Figure B2: Concentration of Soluble Iron from 20 sample locations June 20-21 
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Figure B3: Concentration of Soluble Iron from 20 sample locations July 7  
 
 
Figure B4: Concentration of Soluble Iron from 20 sample locations  July 18  
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Figure B5: Concentration of Soluble Iron at 20 Sample Locations from Wetlands on 
Aug. 3.  
 
 
Figure B6: Concentration of Soluble Iron at 20 Sample Locations from Wetlands on 
Aug. 14.  
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Figure B7: Concentration of Soluble Iron at 20 Sample Locations from Wetlands on 
Aug. 28.  
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Dissolved Mn 
 
Figure B8: Dissolved Mn at Each of 20 Sample Sites June 7 
 
 
Figure B9: Dissolved Mn 2+ at Each of 20 Sample Sites June 20-21  
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 Figure B10: Dissolved Mn 2+ at Each of 20 Sample Sites July 7 
 
 
Figure B11: Dissolved Mn 2+ at Each of 20 Sample Sites from  July 18
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Figure B12: Dissolved Mn 2+ at Each of 20 Sample Sites from August 3 
 
 
Figure B13: Dissolved Mn 2+ at Each of 20 Sample Sites from August 14 
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Figure B14: Dissolved Mn 2+ at Each of 20 Sample Sites from August 28 
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Dissolved Oxygen Comparisons  
Concentration of Dissolved Mn2+ and Total Fe were analyzed in relation to dissolved 
oxygen concentration to determine if there was relationship.  
 
Figure B15 
 
Figure B16  
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Figure B17 
 
 
Figure B18 
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Figure B19 
 
 
Figure B20 
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Figure B21  
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Field Measurements 
 
Table B1: June 7 Field Measurements of water collected from YSI multi-meter. 
Sample 
Site 
Temp. 
°C Pressure % DO 
DO 
mg/L SPC C  pH pHmV 
1 17.2 740.6 63.2 5.98 4553 3874 6.91 -33.6 
2 18.1 740.6 94.2 8.78 4274 3712 7.33 -55.6 
3 16.7 740.5 64.8 6.2 4506 3795 6.91 -33 
4 16.9 740.6 57.5 5.45 4526 3827 6.7 -21.6 
5 18.9 740.3 86.6 7.94 4322 3816 7.39 -59 
6 19.3 740.7 113.1 10.28 4356 3886 7.44 -61.2 
7 17.0 740.8 47.8 4.55 4543 3844 7.1 -43.3 
8 17.5 740.9 8.8 0.82 4452 3811 7.18 -47.4 
9 17.6 740.9 16.4 1.53 4392 3992 7.08 -42.6 
10 17.7 740.9 17 1.59 4494 3868 7.06 -41.1 
11 18.2 741 30.4 2.78 4429 3856 7.11 -43.9 
12 17.9 740.9 30.9 2.89 4024 3479 7.18 -47.6 
13 19.3 741.1 14.6 1.32 4330 3859 7.05 -40.6 
14 18.6 740.9 2.4 0.22 4392 3853 7.05 -40.7 
15 20.2 741 70.6 6.31 3952 3593 7.06 -41.4 
16 19.7 741.1 207.4 18.78 4422 3973 7.53 -66.1 
17 19.4 741.1 156.4 14.21 4348 3883 7.53 -66.4 
18 20.1 741 136.4 12.27 4210 3815 7.96 -89.7 
19 16.8 741 43.1 4.14 2520 2127 7.08 -42 
20 17.0 741 10.7 1.03 2325 1968 7.03 -39.7 
*Blue shaded numbers are highly oxygenated points. 
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Table B2: June 20-21 Field Measurements collected with the YSI multi-meter. 
Sample 
Temp. 
°C 
Pressure 
(mmHg) %DO 
DO 
mg/L SPC C pH pHmV 
1 NA NA NA NA NA NA NA NA 
2 25.0 735.6 50.8 4.22 2657 2556 7.06 -39 
3 22.3 735.8 34.7 3.02 2595 2458 6.58 -15 
4 22.1 735.9 7.7 0.66 2588 2445 6.55 -13.4 
5 24.5 736.4 5.6 0.45 2692 2658 7.17 -44.7 
6 24.0 736.4 5.8 0.49 2692 2636 7.07 -39.4 
7 22.5 736.5 5.1 0.44 2623 2489 6.85 -28.4 
8 23.0 736.7 4.6 0.39 2683 2581 7.03 -37.5 
9 23.4 736.8 6.7 0.53 2707 2617 7.15 -43.6 
10 23.4 736.8 4.4 0.37 2684 2604 7.15 -43.5 
11 22.9 737.4 21.1 1.79 2624 2518 7.31 -51.7 
12 23.3 737.3 9.0 0.79 2492 2408 7.18 -45 
13 23.8 737.4 6.1 0.51 2599 2538 7.17 -44.9 
14 24.1 737.5 44.8 3.74 2522 2476 7.27 -49.6 
15 23.8 737.5 109 9.15 2587 2531 7.32 -52.4 
16 23.2 737.3 11.6 0.99 2573 2486 7.12 -42.1 
17 23.6 737.4 32.2 2.71 2542 2473 7.14 -43.2 
18 23.7 737.4 22.6 1.9 2568 2504 7.34 -53.3 
19 21.9 737.5 2.3 0.21 1729 1626 7.01 -36.6 
20 23.6 737.5 63.8 5.39 2411 2344 7.61 -66.9 
*Blue shaded numbers are highly oxygenated points. 
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Table B3: July 7 Field Measurements collected with the YSI multi-meter. 
Sample 
Temp. 
°C 
Pressure 
(mmHg) %DO 
DO 
mg/L SPC C pH pHmV 
1 20.4 750.2 30.0 2.68 2639 2410 6.94 -20.8 
2 21.4 749.9 3.8 0.32 2656 2474 7.2 -34.6 
3 20.8 750.1 59.9 5.32 2686 2473 7.09 -28.4 
4 20.8 750.1 27.3 2.42 2717 2498 6.96 -22 
5 22.0 750.1 5.4 0.47 2742 2583 7.2 -34.5 
6 23.2 749.9 8.7 0.73 2748 2654 7.12 -30.5 
7 22.1 749.9 45.5 3.94 2666 2508 6.97 -22.3 
8 21.0 749.9 10.3 0.91 2714 2504 7.15 -32 
9 21.6 750.1 6.9 0.6 2756 2578 7.16 -32.7 
10 22.2 750.1 4.9 0.43 2739 2592 7.05 -25.7 
11 22.4 750.1 39.0 3.37 2717 2584 7.22 -35.8 
12 22.3 749.9 16.6 1.43 2754 2610 7.24 -36.7 
13 24.7 750 12.6 1.04 2694 2679 7.24 -37 
14 24.0 750 4.0 0.33 2767 2713 7.14 -31.7 
15 26.4 749.7 81.0 6.44 2667 2733 7.57 -54.7 
16 28.6 749.6 172.1 13.22 2718 2905 7.79 -67.1 
17 28.0 749.9 63.9 4.97 2727 2880 7.5 -51.2 
18 26.3 749.9 3.4 0.28 2639 2702 7.44 -47.7 
19 25.5 749.8 1.7 0.13 2754 2785 7.4 -45.8 
20 28.6 749.9 112.9 9.0 2729 2910 7.93 -75 
*Blue shaded numbers are highly oxygenated points. 
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Table B4: July 18 Field Measurements collected with the YSI multi-meter. 
Sample 
Temp. 
°C 
Pressure 
(mmHg) %DO 
DO 
mg/L SPC C pH pHmV 
1 21.1 743.1 11.8 1.04 2598 2402 6.76 -28.2 
2 21.6 743.1 11.6 1.01 2606 2438 7.25 -54.6 
3 21.0 743.1 31.7 2.8 2544 2351 6.57 -18.7 
4 20.9 743.1 13.9 1.24 2570 2368 6.59 -19.6 
5 22.4 743.2 18.2 0.7 2560 2435 7.13 -48.2 
6 24.0 743.1 28.4 2.37 2609 2561 6.91 -36.4 
7 22.0 742.9 32.5 2.82 2606 2458 6.78 -29.7 
8 22.1 743.3 5.8 0.5 2616 2474 6.83 -32.4 
9 22.3 743.2 19.3 1.63 2643 2508 6.89 -35.6 
10 24.5 743.3 119.8 9.92 2535 2511 7.18 -51.4 
11 22.6 743.3 44.9 3.85 2599 2478 6.94 -38 
12 21.8 743.2 18.9 1.64 2468 2316 7.07 -45.1 
13 25.0 743.2 1.9 0.15 2540 2541 7.31 -58.4 
14 24.8 743.2 41.2 3.39 2617 2605 7.14 -48.7 
15 26.6 743.1 151.8 11.99 2636 2715 7.39 -52.3 
16 27.1 742.9 149.7 11.85 2619 2723 72 -52.2 
17 27.4 742.9 17.1 1.34 2581 2647 7.2 -52.5 
18 25.8 743.2 70 5.65 2202 2238 7.27 -55.7 
19 24.7 742.9 4.2 0.35 2540 2524 6.99 -40.8 
20 27.0 742.8 6.2 0.49 2637 2736 7.63 -75.5 
*Blue shaded numbers are highly oxygenated points. 
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Table B5: August 3, 2018 Field Measurements collected with the YSI multi-meter. 
Sample 
Temp. 
°C 
Pressure 
(mmHg) %DO 
DO 
mg/L SPC C pH pHmV 
1 20.3 744.7 31.8 2.84 4633 4219 6.21 -2 
2 23.4 744.8 22.0 1.88 4310 4177 6.94 -38.8 
3 19.7 744.7 29.4 2.66 4678 4207 6.2 0.4 
4 19.7 744.7 20.9 1.89 4689 4212 6.12 4.9 
5 23.7 744.5 6.7 0.56 4173 4074 7.19 -52.3 
6 23.5 744.4 41.0 3.45 4596 4461 6.97 -39.9 
7 22.1 744.3 51.3 4.41 4706 4443 6.38 -8.6 
8 23.4 744.3 11.2 0.94 4615 4470 6.81 -31.7 
9 21.8 744.3 18.0 1.28 4711 4423 6.52 -16.2 
10 23.0 744.3 24.5 2.07 4721 4542 6.71 -26.1 
11 24.5 744.3 96.0 7.9 4387 4341 7.14 -49.4 
12 23.4 744.2 20.2 1.8 4240 4106 7.13 -48.5 
13 25.0 744 104.4 8.5 4542 4546 7.26 -55.8 
14 24.6 744 38.2 3.14 4462 4422 7.16 -49.7 
15 26.4 743.9 101.9 8.08 4311 4421 7.32 -59.3 
16 26.3 743.7 70.0 5.56 4517 4618 7.32 -59.8 
17 25.0 743.8 4.3 0.35 4430 4423 7.02 -42.8 
18 26.3 743.9 36.4 2.93 4416 4531 7.28 -57 
19 23.8 743.6 11.6 0.96 4325 4227 6.88 -35.2 
20 26.0 743.6 53.8 4.31 4238 4318 7.31 -58.8 
 *Purple shaded number shows the lowest pH measured.
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Table B6: August 14, 2018 Field Measurements collected with the YSI multi-meter. 
Sample 
Temp. 
°C 
Pressure 
(mmHg) %DO 
DO 
mg/L SPC C pH pHmV 
1 19.2 741.6 0 3.48 248.36 1767 6.64 7.2 
2 21.6 741.5 4.0 0.35 1447 1353 7.28 -30 
3 19.6 741.6 33.9 3.09 1827 1636 6.66 1447 
4 19.1 741.6 31.4 2.86 1936 1720 6.63 7.7 
5 22.2 741.6 13.0 1.12 1611 1526 7.77 -58.1 
6 22.2 741.6 38.4 3.32 1794 1695 7.39 -35.9 
7 20.5 741.4 6.8 0.61 1990 1820 6.77 -0.4 
8 21.8 741.5 40.2 3.62 1608 1508 7.35 -34.1 
9 22.8 741.5 8.0 0.68 1783 1710 7.25 -28.2 
10 22.6 741.5 27.6 2.37 1923 1837 7.11 -20.1 
11 22.0 741.5 74.5 6.49 1828 1710 7.23 -26.9 
12 21.7 741.5 10.2 0.88 1527 1430 7.36 -34.3 
13 23.4 741.3 45.4 3.84 1680 1640 7.62 -49.4 
14 23.5 741 18.5 1.54 1743 1691 7.37 -35.2 
15 25.5 740.8 118.1 9.64 1828 1842 7.56 -46.4 
16 25.7 740.9 169.1 13.74 1932 1956 7.37 -35.5 
17 24.9 740.9 38.5 3.17 1814 1812 6.98 -12.2 
18 25.9 740.9 14.0 1.15 1914 1945 7.64 -51.2 
19 22.9 741 4.8 0.4 1290 1236 7.14 -21.5 
20 25.3 741 150.0 12.32 1903 1916 7.77 -58.6 
*Blue shaded numbers are highly oxygenated points. 
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Table B7: August 28, 2018 Field Measurements collected with the YSI multi-meter. 
Sample 
Temp. 
(°C) 
Pressure 
(mmHg) %DO 
DO 
mg/L SPC C pH pHmV 
1 24.5 744.6 33.6 2.78 1952 1933 6.69 -12.5 
2 24.1 744.9 9.1 0.77 1927 1893 6.9 -24 
3 22.8 744.6 22.6 1.93 1828 1752 6.55 -5.2 
4 22.7 744.4 1.6 0.15 1765 1686 6.6 -8.1 
5 25.5 744.5 11.6 0.94 1825 1841 7.5 -56.5 
6 25.4 744.5 11.6 0.95 1931 1942 7.23 -42.1 
7 25.2 744.5 5.5 0.45 1930 1933 6.91 24.5 
8 24.1 744.5 14.6 1.22 1958 1924 7.17 -38.8 
9 23.6 744.4 0.7 0.06 1964 1909 6.82 -19.6 
10 26.8 744.4 0 0 1999 2068 7.24 -42.5 
11 25.6 744.3 40.6 3.32 1869 1990 7.07 -33.4 
12 23.7 744.3 0.1 0.01 1842 1794 7.19 -39.6 
13 29.7 744.2 73.7 5.56 2018 2200 7.63 -63.9 
14 27.7 744.1 29.1 2.27 1999 2106 7.15 -37.8 
15 29.4 744.0 9.0 0.68 1967 2131 7.26 -43.6 
16 31.4 744.0 61.2 4.49 2000 2244 7.39 -50.9 
17 30.2 744.0 7.9 0.59 1916 2105 7.05 -32 
18 28.1 744.1 4.4 0.35 1280 1352 7.31 -46.6 
19 27.8 743.8 18.0 1.41 1974 2070 7.35 -48 
20 30.3 743.8 65.9 4.93 1993 2199 7.47 -55.1 
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Appendix C: Fall Data: Dissolved Fe, Mn,  Sulfate, and  Field Measurements  
Figure C1: Concentration of Soluble Fe2+ and Fe3+ at 20 Sample Locations from Wetlands 
on September 11. Values shown are the mean of three measurements.  
 
 
Figure C2: Concentration of Soluble Fe2+ and Fe3+. Values shown are the mean of three 
measurements.  
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Figure C3: Concentration of Soluble Fe2+ and Fe3+ at 20 Sample Locations from Wetlands 
on October 9. Values shown are the mean of three measurements.  
 
Figure C4: Concentration of Soluble Fe2+ and Fe3+ at 20 Sample Locations from Wetlands 
on October 23. Values shown are the mean of three measurements. 
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Figure C5: Concentration of Soluble Fe2+ and Fe3+ at 20 Sample Locations from Wetlands 
on Nov. 6. Values shown are the mean of three measurements.  
 
Figure C6: Concentration of Soluble Fe2+ and Fe3+  
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Dissolved Mn 
Figure C7 
Figure C8 
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Figure C9 
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Figure C11 
 
Figure C12 
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Dissolved Oxygen Comparisons 
Concentration of Dissolved Mn2+ and Total Fe were analyzed in relation to dissolved 
oxygen concentration to determine if there was relationship.  
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Figure C15 
 
 
Figure C16 
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Figure C17 
 
 
Figure C18 
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Sulfate Measurements 
Fall and winter concentrations of Mn and Fe were analyzed to determine if there was a 
relationship between these cations and the sulfate anion per site. The concentration of Mn 
and Fe appears to have no relationship to dissolved sulfate. 
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Figure C21 
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Figure C23 
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Table C1: September 11, 2018 Field Measurements taken with the YSI multi meter 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample 
Temp. 
°C Pressure % DO 
DO 
mg/L SPC C  pH pHmV 
1 16.6 745.6 46.5 4.49 1428 1199 6.86 -21.1 
2 17.9 745.8 6.6 0.64 889 770 6.84 -20.6 
3 16.6 745.7 3 0.30 1574 1321 6.64 -10.6 
4 16.4 745.6 17 1.64 1734 1449 6.61 -9.3 
5 18.4 745.7 33.9 3.19 751 656 7.3 -43.4 
6 17.9 745.7 28 2.64 953 824 6.98 -27.4 
7 18.7 745.8 0.3 0.03 1102 970 6.94 -25.3 
8 18.3 745.8 8.8 0.83 679 592 7.29 -42.7 
9 18.3 745.9 21.4 2.96 867 756 7.15 -36.1 
10 18.4 745.9 7.8 0.72 1134 991 6.93 -24.4 
11 18.1 745.8 21.2 1.98 556.1 484.3 7.17 -36.9 
12 18.5 745.9 3 0.28 765 670 7.32 -44.1 
13 18.7 745.9 14.1 1.32 679 597 7.35 -45.6 
14 18.8 745.7 28 2.54 639 563 7.36 -45.4 
15 19.4 745.7 13.1 1.20 770 686 7.51 -53.7 
16 20.0 745.6 66.6 6.02 734 664 7.4 -48.3 
17 19.9 745.6 0.1 0.01 954 861 7.27 -41.7 
18 19.6 745.6 60.7 5.55 830 744 7.45 -50.9 
19 18.8 745.5 2.7 0.25 1443 1273 7.35 -45.6 
20 19.9 745.6 50.1 4.56 907 818 7.44 -50.6 
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Table C2: September 25, 2018 Field Measurements taken with the YSI Multi-Meter 
Sample 
Temp. 
(C 
Pressure 
(mmHg) %DO 
DO 
mg/L SPC C pH pHmV 
1 16.3 745.1 10.3 1.00 2412 2013 6.50 -16.8 
2 17.8 744.9 20.2 1.91 2422 2090 7.08 -11.7 
3 16.3 745.1 47.4 4.61 2369 1976 6.91 -3.2 
4 16.0 745 41.5 4.06 2384 1977 6.99 -6.9 
5 18.0 744.7 11.3 1.06 2260 1958 7.28 -21.2 
6 17.9 744.7 6.9 0.65 2121 1836 7.33 -23.7 
7 18.1 744.7 15.9 1.50 2292 1990 7.40 -27.5 
8 17.8 744.7 8.3 0.78 2349 2027 7.35 -24.7 
9 18.4 744.5 3.1 0.29 2438 2131 7.52 -33.1 
10 18.4 744.4 32.8 3.06 2358 2062 7.36 -25.4 
11 18.2 744.4 22.9 2.15 2334 2029 7.33 -23.9 
12 18.7 744.2 35.7 3.31 2067 1820 7.38 -26.2 
13 19.0 744.4 15.3 1.41 2310 2045 7.41 -27.7 
14 19.6 744.3 80.0 7.28 2407 2158 7.44 -29.5 
15 20.1 744.1 5.5 0.49 2191 1985 7.58 -36.1 
16 18.5 744.1 58.8 5.37 2307 2064 7.67 -40.7 
17 18.6 744.2 28.7 2.61 2233 2002 7.53 -33.8 
18 19.6 744.2 80.5 7.32 2244 2014 7.76 -45.3 
19 20.1 744.1 32.8 2.97 1636 1484 7.82 -48.1 
20 19.9 744.2 8.09 7.32 2256 2034 7.88 -51.3 
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Table C3: October 9, 2018 Field Measurements taken with the YSI multi-meter.  
Sample 
Temp. 
°C 
Pressure 
(mmHg) %DO 
DO 
mg/L SPC C pH pHmV 
1 19.7 747.7 49 4.44 2596 2336 7.33 -23.9 
2 20.6 747.2 40.6 3.62 2542 2326 7.52 -33.5 
3 19.9 747.6 0 0 2003 2259 7.18 -16.7 
4 19.7 747.3 4 0.36 2532 2275 7.2 -17.3 
5 21.5 747.2 10.2 0.89 2554 2382 7.51 -33.2 
6 21.7 747.3 37.2 3.25 2587 2425 7.43 -28.8 
7 23.6 747.3 3.8 0.32 2490 2422 7.44 -29.7 
8 23.2 747 5.9 0.5 2585 2495 7.67 -41 
9 22.3 747 163.7 14.15 2491 2096 7.73 -29.2 
10 22.2 747 14.1 1.23 2386 2250 7.41 -28.3 
11 22.4 746.8 8.1 0.7 2512 2387 7.4 -27.6 
12 22.6 746.6 0 0 2278 2173 7.56 -35.7 
13 23.2 746.6 13.5 1.15 2003 1932 7.67 -11.1 
14 No data        
15 No data        
16 No data        
17 No data        
18 No data        
19 No data        
20 No data        
*YSI Unit ceased function at Site 14 *Blue shaded numbers are highly oxygenated points. 
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Table C4: October 23, 2018 Field Measurements taken with YSI multi-meter.  
Sample 
Temp. 
°C 
Pressure 
(mmHg) %DO 
DO 
mg/L SPC C pH pHmV 
1 12.7 742.5 74.8 7.9 1520 1162 7.59 -48.7 
2 12.3 742.4 79.1 8.44 1415 1071 7.47 -433.1 
3 11.0 742.4 96.3 10.57 1467 1075 7.73 -55.6 
4 12.3 742.3 74.5 7.94 1524 1154 7.52 -45.3 
5 9.6 742.3 91.8 10.42 1485 1048 7.72 -54.9 
6 11.9 742.4 107.6 11.58 1499 1123 7.85 -45.3 
7 14.0 742.3 16.6 1.71 1408 1112 7.71 -61.5 
8 10.9 742.4 31.1 3.42 1446 1057 7.66 -54.9 
9 10.2 742.3 153.8 17.21 1470 1054 7.89 -52.1 
10 12.7 742.3 27.5 2.9 1415 1083 7.86 -63.2 
11 11.9 742.3 51.4 5.52 1406 1054 7.58 -62.3 
12 11.9 742.2 37.3 4.02 1424 1067 7.53 -48.5 
13 13.3 742.2 93.9 9.8 1338 1039 7.71 -46 
14 13.4 742.2 239.6 24.94 1323 1029 8.13 -54.6 
15 15.3 742.2 135.6 13.53 1453 1183 8.16 -77.5 
16 13.6 742.4 115.7 11.97 1455 1147 7.88 -63.4 
17 14.7 742.4 27.1 2.75 858 689 7.78 -58.2 
18 14.3 742.4 4.2 0.42 1375 1093 7.81 -60.1 
19 16.1 742.5 46.3 5.07 1390 1020 7.75 -56.3 
20 13.2 742.7 62.2 6.49 1487 1152 8.01 -69.5 
*Blue shaded numbers are highly oxygenated points. 
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Table C5: November 6, 2018 Field measurements taken with the YSI multi-meter.  
Sample 
Temp. 
°C 
Pressure 
(mmHg) %DO 
DO 
mg/L SPC C pH pHmV 
1 13.3 735 61.4 6.36 2713 2109 8.27 -69.1 
2 12.9 734.8 41 4.29 2304 1774 7.91 -51.7 
3 13.5 735.1 66.6 5.89 2529 1972 7.9 -51 
4 13.2 734.9 67 6.97 2446 1897 7.76 -44.2 
5 12.8 734.7 86.7 9.11 2395 1837 8.05 -58.2 
6 13.3 734.6 86.7 7.03 2346 1822 8.03 -57.6 
7 13.6 734.5 16 1.65 2410 1884 7.87 -49.9 
8 13.1 734.4 4.6 0.48 2305 1779 7.89 -50.9 
9 12.6 734 97 10.24 2191 1673 7.9 -51.3 
10 13.6 733.9 60 6.24 2360 1844 8.06 -58.8 
11 13.3 734 40.5 4.21 2362 1834 8.01 -56.3 
12 14.0 734 36.6 3.74 2286 1806 7.96 -54.1 
13 14.0 733.9 26.7 2.53 2293 1810 7.9 -51.3 
14 14.7 733.9 3.1 0.32 2324 1867 7.95 -54 
15 14.8 734 33.4 3.36 2126 1713 8.12 -62.2 
16 15.2 733.9 118.3 11.78 2428 1974 8.24 -68.3 
17 15.6 733.8 115.4 11.41 2394 1969 8.17 -64.5 
18 15.4 734.1 40.3 4 2293 1874 8.05 -59 
19 13.9 733.9 14.1 1.45 2234 1761 8.15 -63.3 
20 14.3 734 3.5 0.36 2274 1809 8.01 -56.7 
*Blue shaded numbers are highly oxygenated points. 
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Table C6: November 20, 2018 Field Measurements taken with the YSI multi-meter. 
Sample 
Site 
Temp. 
°C 
Pressure 
(mmHg) %DO 
DO 
mg/L SPC C pH pHmV 
1 8.0 742.6 6.8 0.8 2133 1441 7.12 -41 
2 5.9 742.7 16.5 2.05 2073 1317 7.26 -47.6 
3 8.4 742.6 68 7.92 2149 1467 7.17 -43.3 
4 8.4 742.7 58.6 6.83 2167 1477 7.14 -42 
5 6.2 742.6 71.1 8.73 2110 1354 7.38 -63 
6 6.6 742.6 71 8.64 2100 1362 7.33 -50.9 
7 5.7 742.8 31.8 3.98 1384 873 7.36 -52.5 
8 5.6 742.5 13.4 1.67 1793 1128 7.36 -52.5 
9 5.6 742.5 83.3 10.39 2105 1327 7.37 -63 
10 6.3 742.6 56.3 6.91 2039 1312 7.33 -51 
11 5.7 742.6 37.7 4.7 1944 1228 7.35 -51.8 
12 5.9 742.6 28.3 3.52 1981 1257 7.35 -51.9 
13 6.1 742.8 19.8 2.45 1176 752 7.53 -60.3 
14 5.8 742.9 23.4 2.91 1989 1260 7.47 -57.6 
15 6.3 742.8 16.7 2.05 1540 991 7.48 -58.2 
16 6.4 742.8 79 9.67 2116 1364 7.44 -56.3 
17 6.4 742.7 36.2 4.43 2088 1347 7.44 -56 
18 5.8 742.8 64.8 8.05 2047 1296 7.48 -57.8 
19 5.9 742.9 13.4 1.67 1960 1243 7.56 -61.8 
20 7.0 742.9 40.7 4.9 2029 1334 7.81 -73.5 
*Blue shaded numbers are highly oxygenated points. 
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Appendix D: Winter Data: Dissolved Fe, Mn,  Sulfate, and  Field Measurements  
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Figure D3 
 
 
Figure D4  
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Figure D5 
 
 
Figure D6  
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Winter Measurements of Mn 
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Figure D9 
 
 
Figure D10 
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Figure D11 
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Dissolved Oxygen Comparisons 
Concentration of Dissolved Mn2+ and Total Fe were analyzed in relation to dissolved 
oxygen concentration to determine if there was relationship.  
 
 
Figure D13 
 
 
Figure D14 
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Figure D15 
 
 
Figure D16 
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Figure D17 
 
 
Figure D18 
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Winter Sulfate Comparisons
 
Figure D19 
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Figure D21 
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Figure D23 
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Table D1: December 4, 2018 Field Measurements taken with YSI multi-meter.  
Sample 
Site 
Temp. 
°C 
Pressure 
(mmHg) DO % 
DO 
mg/L SPC C pH pHmV 
1 6.6 743.0 46.4 5.65 2495 1616 8.62 -111.8 
2 4.6 742.9 9.0 1.15 2299 1402 7.55 -61.3 
3 6.4 743.0 82.2 10.05 2342 1509 7.95 -80.0 
4 6.8 742.9 7.1 0.85 2346 1532 7.64 -65.6 
5 4.600 742.900 90.1 11.55 2150 1311 7.67 -66.8 
6 5.2 742.9 44.3 5.59 2197 1366 7.70 -68.2 
7 4.9 742.7 59.3 7.64 2130 1312 7.65 -66.0 
8 4.500 742.600 22.0 2.82 2192 1335 7.58 -62.6 
9 4.9 742.8 12.0 1.53 2163 1331 7.55 -61.3 
10 4.5 742.6 19.9 2.56 2176 1325 7.64 -65.3 
11 4.2 742.6 42.8 5.54 2076 1253 7.61 -64.0 
12 4.500 742.400 44.2 5.67 2120 1290 7.57 -62.2 
13 4.400 742.500 61.0 7.85 1994 1210 7.56 -61.6 
14 4.8 742.4 66.9 8.54 2104 1290 7.59 -63.1 
15 4.600 742.500 94.0 12.04 2076 1267 7.66 -66.1 
16 5.3 742.4 11.3 1.42 2103 1312 7.66 -66.2 
17 5.0 742.4 71.6 9.08 2055 1271 7.67 -66.8 
18 4.5 742.3 12.7 1.63 1968 1196 7.57 -61.9 
19 4.4 742.4 73.6 9.50 1421 862 7.65 -65.9 
20 5.0 742.3 5.8 0.74 2071 1279 7.61 -64.0 
*Blue shaded numbers are highly oxygenated points. Orange shaded number is highest 
pH measured. 
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Table D2: December 18, 2018 Field measurements taken with YSI multi-meter.  
Sample 
Site 
Temp. 
°C 
Pressure 
(mmHg) DO % 
DO 
mg/L SPC C pH pHmV 
1 7.3 745.8 77.5 9.28 2181 1442 7.06 -67.8 
2 4.8 746.1 54.6 6.95 2175 1337 6.70 -51.2 
3 7.4 746.2 33.4 4.00 1602 1063 6.76 -53.7 
4 7.8 746.3 36.9 4.35 2154 1448 6.72 -51.8 
5 6.100 746.100 52.7 6.50 2191 1399 6.90 -50.6 
6 5.7 745.9 74.1 9.22 2167 1369 6.91 -60.7 
7 7.2 746.0 17.6 2.11 2098 1384 6.80 -55.5 
8 4.800 746.100 8.2 1.04 2175 1338 6.73 -52.6 
9 6.5 745.9 39.6 4.83 2072 1341 6.81 -55.9 
10 5.9 745.8 74.0 9.18 2083 1321 6.82 -56.5 
11 5.0 746.0 49.1 6.24 1865 1152 6.82 -56.8 
12 5.600 745.800 46.1 5.77 2004 1260 6.73 -52.3 
13 6.200 745.900 6.8 0.83 2084 1336 6.75 -53.4 
14 6.4 746.0 86.9 10.65 1851 1192 6.83 -57.1 
15 7.100 746.000 90.3 10.95 2073 1365 6.91 -50.6 
16 7.4 745.9 34.1 4.07 2088 1385 6.93 -61.6 
17 7.2 745.9 3.0 0.37 2022 1333 6.88 -59.3 
18 5.2 746.0 50.1 6.17 2009 1287 6.88 -59.2 
19 3.8 745.7 6.0 0.78 2008 1197 6.85 -58.2 
20 5.4 745.7 12.2 1.53 2031 1272 6.86 -58.6 
*Blue shaded numbers are highly oxygenated points. 
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Table D3: January 3, 2019 Field Measurements taken with YSI multi-meter.  
Sample 
Site 
Temp. 
°C 
Pressure 
(mmHg) DO % 
DO 
mg/L SPC C pH pHmV 
1 7.6 741.9 76.9 9.12 2149 1437 8.14 107.7 
2 6.3 741.9 36.8 4.54 2098 1307 7.19 -62.5 
3 8.0 742.1 67.6 7.96 2136 1441 7.48 -76.3 
4 8.4 741.7 65.4 7.61 2206 1507 7.21 -63.9 
5 5.7 741.900 58.1 8.48 2158 1363 7.21 -63.6 
6 6.0 741.9 69.4 8.60 1601 1019 7.25 -65.5 
7 6.0 741.9 8.3 1.02 2120 1357 7.19 -62.5 
8 5.1 741.800 14.6 1.84 2080 1291 7.15 -60.6 
9 6.0 741.7 3.5 0.43 2026 1289 7.16 -61.5 
10 5.8 741.6 8.4 1.04 2098 1330 7.14 -60.2 
11 5.2 741.7 9.1 1.15 1944 1210 7.12 -59.4 
12 5.3 741.700 28.2 3.56 2069 1290 7.07 -57.0 
13 5.3 742.000 54.5 5.85 1997 1247 7.09 -59.2 
14 6.3 741.9 35.7 4.38 2121 1362 7.06 -56.7 
15 6.1 741.500 49.8 6.14 1966 1258 7.25 -65.6 
16 6.6 741.4 22.9 2.79 2107 1366 7.30 -67.9 
17 6.5 741.4 7.2 0.88 1889 1220 7.22 -64.0 
18 6.1 741.7 69.3 8.55 2086 1333 7.15 -60.7 
19 5.5 741.4 37.9 4.74 2060 1294 7.06 -56.7 
20 6.1 741.5 21.0 2.60 1602 1023 7.09 -57.8 
*Blue shaded numbers are highly oxygenated points. 
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Table D4: January 28, 2019 Field measurements taken with YSI multi-meter. 
Sample 
Site 
Temp. 
°C 
Pressure 
(mmHg) DO % 
DO 
mg/L SPC C pH pHmV 
1 4.6 740.1 78.6 10.04 2738 1701 7.41 -32.3 
2 1.4 738.9 18.2 2.53 3026 1662 7.49 -36.0 
3 4.0 739.7 84.7 11.00 2751 1647 7.39 -31.5 
4 4.6 739.4 74.0 9.46 2672 1630 7.30 -27.1 
5 NA        
6 4.3 738.4 108.8 14.00 2827 1710 7.87 -54.3 
7 1.1 738.3 28.2 3.97 1986 1053 7.57 -38.5 
8 NA        
9 2.4 738.8 74.2 10.07 2862 1629 7.64 -43.0 
10 1.7 737.7 33.7 4.66 2760 1532 7.51 -36.9 
11 0.8 737.6 92.2 13.06 2534 1362 7.69 -45.1 
12 NA        
13 NA        
14 0.9 737.3 3.7 0.53 2557 1382 7.64 -42.8 
15 NA        
16 4.6 737.3 92.4 11.82 2711 1655 7.83 -52.1 
17 2.8 736.9 66.9 9.98 2521 1452 7.62 -42.2 
18 0.8 737.1 4.5 0.64 2421 1300 7.78 -49.6 
19 0.7 736.5 57.5 8.17 2552 1376 7.56 -39.4 
20 2.3 736.4 80.0 10.87 2492 1413 7.73 -47.3 
*Blue shaded numbers are highly oxygenated points. NA sites were frozen solid. 
  
 185 
Table D5: February 13, 2019 Field Measurements taken with YSI multi-meter.  
Sample 
Site 
Temp. 
°C 
Pressure 
(mmHg) DO % 
DO 
mg/L SPC C pH pHmV 
1 4.8 736.5 86.3 11.01 2163 NA 7.50 -37.2 
2 3.0 733.1 68.1 9.09 2318 NA 7.84 -57.8 
3 5.8 736.3 63.3 7.87 2209 NA 7.11 -18.5 
4 5.2 733.1 78.1 9.85 2310 NA 7.21 -23.7 
5 3.5 736.1 1.5 0.20 2336 NA 7.80 -55.5 
6 3.9 736.0 92.7 12.10 2291 NA 7.73 -52.1 
7 3.1 736.1 21.4 2.85 2108 NA 7.73 -52.0 
8 1.8 736.0 25.0 3.46 2244 NA 7.53 -40.8 
9 3.0 736.1 77.0 10.29 1770 NA 7.72 -51.3 
10 2.6 736.1 47.9 6.50 1108 NA 7.49 -38.7 
11 0.8 736.2 62.3 8.86 1762 NA 7.54 -41.4 
12 0.6 736.2 60.2 8.63 744 NA 7.46 -37.0 
13 2.6 736.2 25.5 3.44 2317 NA 7.36 -31.6 
14 2.9 736.3 89.7 12.01 2142 NA 7.66 -48.2 
15 3.5 730.2 0.4 0.05 2192 NA 7.66 -43.2 
16 4.0 736.4 88.3 11.48 2273 NA 7.62 -46.0 
17 4.3 736.3 90.9 11.75 2285 NA 7.85 -58.8 
18 Not Collected    NA   
19 0.6 736.4 31.3 4.47 2135 NA 7.58 -43.7 
20 3.4 736.5 77.2 10.21 2239 NA 7.73 -52.0 
*Blue shaded numbers are highly oxygenated points. Conductance meter was not 
functioning and Site 18 was not recorded.   
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Table D6: March 1, 2019 Field Measurements taken with YSI multi-meter.  
Sample 
Site 
Temp. 
°C 
Pressure 
(mmHg) DO % 
DO 
mg/L SPC C pH pHmV 
1 7.8 744.6 76.0 8.96 2662 1788 7.32 -38.8 
2 7.2 744.4 4.5 0.55 2451 1616 7.45 -44.5 
3 7.9 744.5 75.1 8.83 2572 1702 7.18 -32.2 
4 7.6 744.1 81.4 9.66 2629 1755 7.21 -33.5 
5 6.9 744.5 61.0 7.35 2635 1726 7.68 -55.3 
6 6.8 744.3 80.0 9.68 2587 1688 7.74 -58.5 
7 7.6 744.2 57.0 5.76 2551 1701 7.49 -46.7 
8 5.3 744.2 22.2 2.89 2572 1605 7.38 -41.4 
9 7.6 744.0 61.6 7.31 2631 1735 7.47 -45.7 
10 6.5 743.9 88.5 10.78 2627 1700 7.76 -58.8 
11 6.0 743.9 32.1 3.95 2596 1656 7.67 -55.1 
12 4.4 743.9 41.2 6.30 2497 1515 7.46 -44.9 
13 5.7 743.5 43.8 5.44 2543 1606 7.48 -46.0 
14 7.2 743.5 147.1 17.63 2555 1684 7.63 -53.4 
15 6.7 743.2 48.0 5.84 1753 1139 7.65 -54.0 
16 6.6 743.2 51.5 6.25 2567 1666 7.51 -47.4 
17 7.5 743.0 60.8 7.20 2559 1712 7.72 -57.6 
18 6.7 743.4 38.9 4.72 2371 1542 7.63 -53.1 
19 4.2 743.3 67.4 8.71 2517 1518 7.54 -48.8 
20 8.1 742.7 4.4 0.51 2530 1713 7.79 -60.7 
*Blue shaded numbers are highly oxygenated points. 
 
